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Preface

These conference proceedings contain papers presented at the Fourth International Conference on 
Concrete Repair, Rehabilitation and Retrofitting (ICCRRR 2015), Leipzig, Germany, October 2015, 
which can be grouped under six main themes:

– Concrete durability aspects
– Condition assessment of concrete structures
– Modern materials technology
– Concrete repair, rehabilitation and retrofitting
– Performance and health monitoring
– Education, research and specifications.

A large number of papers discusses performance and assessment of innovative materials for durable 
concrete construction. Interesting fields, some quite new, are covered, such as self-healing techniques, 
high performance concretes, and strain hardening composites. The number of papers submitted on the 
topic of modelling and prediction of durability confirms the positive international developments towards 
performance-based methods for durability design and specification. Another fact that is evident from the 
paper submissions is that large advances have recently been made in the fields of condition assessment of 
concrete structures. The papers in the proceedings cover interesting new techniques for the assessment of 
reinforcement corrosion and its interpretation.

The majority of papers discusses recent developments in concrete repair, rehabilitation and retrofitting 
techniques. An important research area lies in the field of specifications for repair materials and systems. 
Here, an integrated approach is needed, linking assessment techniques and service life modelling to appro-
priate repair methods. A number of papers deals with these important issues, confirming that the industry 
is on the right track towards efficient and durable repairs. Based on research reports and case studies, 
latest developments on repair strategies and materials are presented, ranging from surface protection 
techniques to full-scale repairs. Numerous papers were submitted on the topic of strengthening and ret-
rofitting, highlighting the need to cope with increasing loads and deteriorating structures and showcasing 
latest developments in strengthening systems.

The Fourth International Conference follows the highly successful previous International Conferences 
on Concrete Repair, Rehabilitation and Retrofitting. This conference is a collaborative venture between 
researchers from the South African Research Programme in Concrete Materials (based at the Universi-
ties of Cape Town and The Witwatersrand) and the Material Science Group at Leipzig University and 
The Leipzig Institute for Materials Research and Testing (MFPA) in Germany. The organization and 
implementation of the conference continues to embody a strong South African-German link, reflected in 
the excellent support given to the conference by researchers and practitioners from these two countries. 
However, the range of presenters at the conference continues to indicate its truly international nature. This 
continues to fulfill an aim of these conferences, to strengthen relationships not only between Africa and 
Europe but also between countries and regions from all over the world.

The backdrop, in industry and the state of national infrastructures, continues to be highly challenging 
and demanding. The facts remain that much of our concrete infrastructure deteriorates at unacceptable 
rates, that we need appropriate tools and techniques to undertake the vast task of sound repair, mainte-
nance and rehabilitation of such infrastructure, and that all this must be undertaken with due cognizance 
of the limited budgets available for such work. New ways need to be found to extend the useful life 
of concrete structures cost-effectively. Confidence in concrete as a viable construction material into the 
21st century needs to be retained and sustained, particularly considering the environmental challenges 
that industry and society now face.
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This fourth conference also continues to seek to extend a sound base of theory and practice in repair and 
rehabilitation, through both theoretical and experimental studies, and through good case study literature. 
It also  seems to the organizers that two key aspects need to be addressed currently: that of developing 
sound and easily applied standard practices for repair, possibly codified, and the need to seriously study 
the service performance of repaired structures and the repair system. In fact, without substantial effort 
at implementing the latter goal, much of the effort in repair and rehabilitation may prove to be less than 
economic or satisfactory.

All papers submitted to ICCRRR 2015 were subjected to a review process, and the proceedings contain 
only those papers that were accepted following this process. The review of manuscripts was undertaken 
by identified leading experts, acting independently on one or more assigned manuscripts. This invaluable 
assistance, which has greatly enhanced the quality of the proceedings, is gratefully acknowledged.

Special acknowledgements are due to the following organizations:

– Deutscher Beton- und Bautechnik-Verein e.V. (DBV)
– Deutscher Ausschuss für Stahlbeton e.V. (DAfStb)
– Deutsche Bauchemie e.V.
– International Union of Laboratories and Experts in Construction Materials, Systems and Structures 

(RILEM)
– International Federation for Structural Concrete (fib).

Finally, the editors wish to thank the authors for their efforts at producing and delivering papers of a 
high standard. We trust that the proceedings will be a valued reference for many working in this important 
field and that they will form a suitable base for discussion and provide suggestions for future development 
and research.

F. Dehn
H.-D. Beushausen

M.G. Alexander
P. Moyo
Editors
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ABSTRACT: Concrete is recognised as a durable material that can provide long-term protection to 
embedded carbon steel reinforcement. However, effective protection can only be achieved if  the mecha-
nisms of deterioration and the durability properties of the protective material involved are fully under-
stood. A well-known phenomenon is the ingress of chloride ions into concrete, which takes place via the 
solution-filled pores. These ions, combined with optimum contents of air and moisture, result in rein-
forcement corrosion, and subsequently, loss in functionality of a reinforced concrete element. Currently, 
available literature suggests that measurement of chloride ion ingress into concrete can be misleading. 
Reasons for erroneous measurements include: (i) continuing formation of hydration products resulting 
in pore refinement/pore blocking and; (ii) chloride diffusion coefficients being commonly applied as the 
“effective” diffusivity, which does not take into account the effect of chemical binding on the chloride ion 
transport process. This paper reports the findings of an investigation of different chloride test methods for 
measuring chloride ingress of concrete, which are currently used. This was undertaken to establish their 
suitability to measure this intrinsic concrete durability property. Five test methods were selected, cover-
ing the two main test method types that currently finding application: (i) electrically accelerated short-
term; and (ii) naturally accelerated long-term chloride test methods. Three concrete types of CEM I, PC/
FA (20–55%) and PC/GGBS (25–75%) at varying water-cement (w/c) ratios of 0.35, 0.50 and 0.65 were 
utilised during the investigation. This work has established that whilst all the test methods demonstrated 
capacities to measure chloride ingress into concrete, operator accuracy is of significant importance. 

As a result, determining chloride ion diffusivity 
of concrete is recognised as one of the most impor-
tant parameters when assessing the potential dura-
bility of concrete (Lu et al., 1995; Thomas and 
Matthews, 2004). Consequently, whilst all physical 
processes are subject to variability, it is essential 
that the measurement techniques which are applied 
to characterise this intrinsic concrete property are 
robust and provide a representation of the likely 
trends, which may be expected for a particular con-
crete in service. 

In an effort to control this problem, there have 
been numerous innovations in the area of develop-
ing chloride test methods, a selection of which can 
be used in service life prediction models (Dunne, 
2010). Whilst noting these innovations, literature 
suggests, that measurement of chloride ingress 
into concrete can be misleading (Truce, 2000, 

1 INTRODUCTION

1.1 Chloride durability

The durability of concrete structures exposed to 
chloride-containing solutions has being widely 
studied (Dunne, 2010). Nonetheless, chloride 
induced corrosion continues to be recognized as a 
major reason for the loss of durability in reinforced 
concrete structures. The predominant sources of 
these chlorides into concrete emanate from expo-
sure to marine environments and from the applica-
tion of de-icing salt on roads, parking and bridge 
structures. Whilst recognizing transport mecha-
nisms, such as, capillary suction (absorption) and/
or permeability, it is generally considered that long-
term, diffusion is the predominant mechanism, by 
which chlorides are transported through concrete.
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Dhir et al., 2004). Reasons for these misleading 
measurements have been attributed to: continu-
ing formation of hydration products; influence 
of w/c; cement type and; the chloride diffusivities 
in research commonly applied are “effective” dif-
fusivities which do not take account of the effect 
which chemical binding has on the chloride ion 
transport process (Thomas and Bamforth, 1999; 
Perez et al., 2000; Boddy et al., 2001; Abu Hassan, 
2012 and; Elfmarkova et al., 2014). 

At a European level, recent developments are 
only now leading to CEN Technical Commit-
tee CEN/TC 51/WG 12/TG 5, issuing a draft 
European Standard prEN 12390-11:2013 for for-
mal vote on behalf of TC CEN/TC 104 (CEN/
EN 12390-11:2013). This test method has being 
designed based on several test methods (Abu Has-
san, 2012).

As noted above, the ‘coefficient of chloride ion 
diffusion’ is generally used to express the resistance 
of concrete to this ion. Diffusion is defined as the 
movement of ions under a concentration gradient 
and is characterized by two types of coefficient: (i) 
the steady-state coefficient (Deff) and; (ii) the non-
steady state coefficient (Dapp) respectively. Their 
difference lies in where Deff encounters only ionic 
transport, whilst Dapp takes into account binding of 
chlorides with cement phases. In these types of test 
methods, the transmission of chlorides through 
concrete is encouraged where high concentrations 
of chloride solutions are employed to initiate a 
concentration gradient with the concrete (Castel-
lote et al., 2001). 

As the rate of  chloride ion penetration is slow, 
test methods have been developed to accelerate 
this process. These test methods, transmit chlo-
rides through concrete, where high concentrations 
of  chloride solutions are employed under the 
action of  an external electric field. These methods 
typically provide resistivity type values or, rapid 
chloride migration coefficient Drcm. With respect 
to these migration experiments, lack of  agree-
ment on their method of  measurements and cal-
culations has given rise to a large scattering of 
results being presented in literature (Andrade, 
1993; Andrade et al., 1994; Zhang and Gjørv, 
1994; NT BUILD 443, 1995; Luping, 1999; Lup-
ing, 1999a; NT BUILD 492, 1999; Schmidt-Döhl 
and Rostást, 1999; Castellote et al., 2001; Luping 
and Sørensen, 2001; Stanish et al., 2004a; Yang, 
2006; Narsilio et al., 2007; aby Hassan, 2012). The 
first observation is where the data is presented in 
different dimensional units. These differences are 
of  importance when attempts to understand the 
expected chloride ingress of  concrete are being 
undertaken. 

Overall, it is clear that although a great deal of 
research has been undertaken into test methods 

for assessment of  chloride ingress of  concrete, 
it is as important to understand the data which 
is produced and its meaning. Therefore, there is 
an argument that, these units of  measurement 
are of  lesser significant, and that the ability of 
each method to rank concretes consistently in a 
particular sequence is of  as great importance in 
specifying chloride resistance of  concrete. Hence 
promoting a movement towards a performance 
based approach as oppose to that of  prescriptive 
approach.

Taking these factors into account, the aim of 
this research was to undertake an assessment of 
different currently available chloride test methods 
for concrete. The selected test methods would cover 
the two main test method forms currently finding 
application: (i) electrically accelerated short-term 
and; (ii) naturally accelerated long-term chloride 
test methods. This would aid in determining the 
suitability of these methods to establishing chlo-
ride ingress properties of concrete.

2 EXPERIMENTAL 

2.1 Materials & mix proportions

A single sourced CEM I 42.5N cement, conforming 
to BS EN 197-1 was utilised, with the key characteris-
tics of the cement are in Table 1 (BSI, 2000). In addi-
tion to Portland cement (CEM I/PC), the influence 
of two cement addition materials were examined in 
this work: (i) Fly Ash (FA); (ii) Ground Granulated 
Blastfurnace Slag (GGBS). The key characteristics 
of these addition materials are given in Table 1. 

Natural sand and gravel conforming to BS EN 
12620 was used as aggregate in all mixes and their 
properties are presented in Table 2 (BSI, 2008).

Concrete mixes were proportioned for three 
water-cement ratios of 0.35, 0.50 and 0.65, a total 
cement content of 330 kg/m3 and single total water 
content of 165 kg/m3. These constituents were pro-
portioned in accordance with the BRE method for 
designing normal concrete mixes (BRE, 1997). The 
mix design was to achieve a consistence conform-
ing to the S2 slump class in BS 8500-1 (BSI, 2006). 
Table 3 outlines the standard CEM I mix designs 
whilst, Table 4 outlines the addition material mix 

Table 1. Cement and addition material properties.

Property measured PC FA GGBS

Fineness (m2/kg) 414† 367† 460†

Loss on Ignition, % 1.74 6.02 0.90
Particle Density, g/cm3 3.14 2.25 2.89

† Tested by Blaine fineness method.
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proportions, expressed as a percentage of the total 
cement contents.

The test specimens were cast in moulds and 
cured under damp hessian and polythene sheeting 
to maintain a high humidity (>95%) for 24 hours. 
The specimens were then de-moulded, marked for 
identification and cured in water at 20°C ± 2°C, 
in accordance with BS EN 12390-2, until time of 
testing (BSI, 2000).

2.2 Chloride test method procedures

2.2.1 Rapid chloride permeability (Method A)
Rapid Chloride Permeability Testing (RCPT), 
was performed in accordance with ASTM C 1202 
(ASTM, 2007). The reader should refer to this 
standard or the most recent version of this stand-
ard for further details.

2.2.2 Split and spray (Method B)
This test was performed in the same manner to that 
of the test method presented in Section 2.2.4, allow-
ing the average depth of chloride penetration to be 
measured. Differences occurred when, at the des-
ignated testing times, the test specimens were split 
centrally and sprayed with a silver nitrate concen-
trated solution. This part of the testing procedure 
followed that described in Test Method C, facilitat-
ing measurement of chloride penetration depths.

2.2.3 Rapid chloride migration (Method C)
Rapid Chloride Migration Test (RCMT), was per-
formed in accordance with Nordic test method 
(NT-BUILD 492, 1999). The reader should refer 
to this or the most recent version of this standard 
for further details.

2.2.4 Apparent chloride diffusion (Method D)
This test was performed in accordance with ASTM 
test method C1556 (ASTM, 2007). The reader 
should refer to this or the most recent version of 
this standard for further details.

2.2.5 Effective chloride diffusion (Method E)
A single-sided diffusion cell type test, developed 
by Dhir (1990), was used to study steady-state 
chloride ion diffusion (Figure 1). 25 mm thick 

Table 2. Properties of aggregates.

Property measured

Natural 
sand
0/4 mm

Natural 
gravel
average#

Shape, visual inspection Round Round
SSD Density§, kg/m3 2600 2600
LBD Density$, kg/m3 1680 1520
CBD Density*, kg/m3 1800 1610
Water Absorption,% 0.5 1.9

# Average of 4/10 mm and 10/20 mm aggregates.
§ Saturated surface dry density.
$ Loose bulk density; * Compacted bulk density.

Table 3. Concrete mix constituents proportions.

w/c Cement Water

Aggregates (mm)

Natural sand 
0/4

Natural 
gravel

4/10 10/20

Mix constituent proportions, kg/m3*

0.35 470 165 600 390 785
0.50 330 165 655 415 830
0.65 255 165 685 430 855

*Super plasticizing admixture was added by weight of 
cement or cement and addition material.

Figure 1. Steady-state chloride diffusion test method 
setup.

Table 4. CEM I and binary blended cement combina-
tion concretes breakdown.

Composition of main constituents, %

Total, %PC FA GGBS

100 – – 100
 80 20 – 100
 65 35 – 100
 45 55 100
 65 – 35 100
 45 – 55 100
 25 – 75 100
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concrete specimens were taken from standard 
100 mm diameter × 300 mm cylinder, after 28 days 
standard water curing. Twenty-four hours after 
air drying, these disc slices were sealed into the 
base of  a plastic diffusion cell (110 mm diameter 
× 150 mm long) using silicon sealant injected to 
the circumferential space between the cell wall and 
concrete specimen. 

The test cell reservoir was filled with de-ionised/
distilled water and immersed in a shallow bath of 
de-ionised/distilled water and left for 24-hours, to 
allow full re-saturation of the specimen to occur. 
After this period the cells were filled with 840ml 
of calcium hydroxide saturated distilled water 
prior to being placed in a chloride concentrated 
immersion tank with an aqueous 5molar sodium 
chloride (NaCl) and Ca(OH)2 saturated solution. 
Chloride ions diffused naturally through the con-
crete specimens until steady state was achieved. A 
potentiometric titration was used to measure the 
concentration of chlorides in each test cell at four 
week intervals. Once steady-state conditions were 
achieved after successive readings, the coefficient 
of chloride diffusion was calculated using a solu-
tion to Fick’s First Law of Diffusion.

3 CHLORIDE TEST METHODS 
EVALUATION 

3.1 Background

As alluded to previously, all physical processes 
are subject to variability. This variability results 
from natural changes in properties, differences in 
interactions between ingredients of materials and/
or due to environmental factors. Consequently, 
Correlations along with undertaking an investiga-
tion into the sensitivity of each method to differ-
ence cement types were undertaken, using the two 
cement combination types, the PC/FA and PC/
GGBS combinations. 

3.1.1 Correlations developed between 
test methods

Comparison of the electrically accelerated methods 
demonstrated that positive linear correlations exist. 
These findings are presented in Table 5 where, it is 
seen that stronger correlations were determined at 
28 days testing to that of 180 days across the three 
w/c’s. These strong linear correlation, indicate that 
both methods possess a relationship to each other. 

Presented in Table 6, are the coefficients when 
comparing chloride measurement between the 
naturally accelerated long-term test methods. In 
all cases it was observed that positive correlation 
exists between these test methods. Notably, it was 
also observed that the majority of the coefficients 

of determinations were above 80%. The exception 
being observed between Method B and E values at 
the 0.65 w/c. 

However, it is felt that the results are a greater 
reflection of the high water-cement ratio as 
oppose to the test method. In all reality, it would 
be unlikely that a w/c of  0.65 would find appli-
cation in a chloride containing environment. In 
addition, a theoretical reasoning for these differ-
ences would relate to the blocking effects of  bound 
chlorides on the pore structure at the lower w/c, 
which would have had the effect of  reducing the 
flow of chlorides. 

Comparison between electrical accelerated and 
naturally accelerated test methods serves to evalu-
ate whether trends exist between different test 

Table 6. Correlation comparison between naturally 
accelerated long-term chloride test methods.

w/c

Pearsons correlation 
coefficient (r)

Coefficient of 
determination (r2), %

Test Age, Days

90 360 90 360

Method B and D
0.35 0.94 0.95 0.88 0.90
0.50 0.94 0.95 0.88 0.91
0.65 0.90 0.93 0.81 0.86

Method B and E
0.35 0.93 0.91 0.87 0.84
0.50 0.91 0.91 0.82 0.83
0.65 0.83 0.83 0.69 0.69

Method D and E
0.35 0.95 0.96 0.91 0.93
0.50 0.95 0.95 0.90 0.90
0.65 0.96 0.94 0.92 0.88

Table 5. Correlation comparison between electrically 
accelerated short-term chloride test methods.

w/c

Pearsons 
correlation coefficient 
(r)

Coefficient 
of determination (r2),%

Test Age, Days

28 180 28 180

0.35 0.96 0.89 0.93 0.79

0.50 0.96 0.91 0.93 0.83

0.65 0.97 0.89 0.94 0.79
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method types. These investigations established 
that more than 95% of  the correlations were found 
to be as strong, as indicated by r values greater 
than 0.80. With the exception of  the 0.50 and 0.65 
w/c ratio concretes on comparison of  Methods B 
and C, where it was observed that stronger cor-
relations were obtained with Method A, when 
compared with Methods B, D and E respectively. 
Reasoning for the stronger correlations between 
Method A with Methods D and E to that of 
Method C is unclear from this analysis. Whilst 
noting this, the review established that appropri-
ate correlations do exist between the different test 
method types.

3.1.2 Variation in measured values from each 
test method

The objective of this investigation was to estab-
lish whether the addition material adopted in this 
study (FA, GGBS) influences variations in chlo-
ride ingress measurements. CEM I (PC) was the 
reference concrete with the analysis performed for 
Methods A and C on 90 day test data, Methods 
B and D on 180 day chloride immersion data and 
Method E on the singular steady state values rela-
tive to this concrete.

On examination of the 0.5 w/c ration FA 
concretes, as presented in Figure where, it was 
established, that variation in chloride ingress 
measurements, were relatively consistent across 
test method types. Method A demonstrated 
increased variations from the reference concrete 
when compared to the Test Methods B-E. An 
example of this can be seen when assessing the 
PC/FA [BFA (35%)] concrete. Method A in com-
parison to the reference CEM I concrete, returned 
a reduction in values in the order of  35%–40%. 
This is in comparison to 15%–30% between the 
remaining test methods. These results indicate 
consistency amongst the latter test methods and 
the insensitivity of  Method A to the variation in 
cement composition. As outlined in Table 6, with 
respect to Method A, it was established that this 
test method has the highest coefficient of  variation 
with a value of 15%. 

Similarly, the findings presented in Figure 3 
demonstrates, similar trends in results for the 
GGBS concretes. Taking the 0.50 w/c ratio, PC65%/
GGBS35% concrete to illustrate these trends, it is 
seen that in the case of  Method A, reductions of 
over 60% were to that of  the reference concrete, 
in comparison to the reaming four test methods 
demonstrated reductions no greater than 47%. 

However, the trend in data demonstrated that 
variations in measurements between, Method 
A and the remaining four methods reduced with 
increasing w/c ratio. It is suggested that these find-
ings, to a greater degree, reflect once again con-

crete quality at higher w/c’s, rather than that of test 
method measurement variation. 

4 FINAL EVALUATION OF TEST 
METHODS

4.1 Ranking of test methods

In determining the overall accuracy of a test 
method ISO 5725-1 (BS ISO, 1994) makes refer-
ence to both the repeatability and trueness of a 
test method. This repeatability term is expressed 
as ‘precision’, which is a measure of the variabil-
ity observed between repeated measurements of 
a test method. The suitability of a test method in 

Figure 2. Chloride test methods measurement variation 
of Fly Ash and GGBS concrete.
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performing a particular measurement is in many 
cases, subjective to the individual assessor. 

In response to this a measured approach was 
applied in arriving at a consensus, as to the five 
chloride test methods suitability in measuring 
chloride ingress of concretes. The methods were 
assessed with respect to their simplicity, applica-
tion of their measured chloride parameter, length 
of test and the relevance of the measured param-
eter of these chloride test methods to actual work-
ing life performance. 

From comparison it was established, that Method 
C was the most consistently scoring method. On the 
other hand, Method D scored highest on the more 
critical criteria of application of measured param-
eter to modelling and relevance to actual chloride 
penetration. These are in contrast to Methods A, 
B and E with ratings of 14, 12 and 9 respectively. 
Therefore, Method D is recommended as the method 
most suitable for measuring chloride ingress of con-
crete. In particular, the measurements taken with 
this method will reflect expected concrete perform-
ance in working life, whilst being more appropriate 
to long-term durability modelling application. 

The study identified that all the methods demon-
strated capacities to characterise chloride ingress. 
Variations in magnitudes of the measured results 
do exist and this intensifies with increasing w/c. 
Nonetheless, this study has allowed each method 
to be ranked in the order of the most suitable for 
measuring chloride ingress. Method C and D were 
selected as being the most suitable and thereafter 
Methods A and B respectively, whilst Method E is 
deemed the fifth ranking method.

5 CONCLUSION

When determining the chloride ingress of concrete 
the technique applied should be robust and reliable 
in its measurement. 

Findings from this study have demonstrated 
that each method has the potential for use in meas-
uring the chloride ingress of concretes. Thereafter, 
each method demonstrated sensitivities to changes 
in w/c, albeit Method A’s sensitivity reduced at the 
w/c of 0.65, periods of moist curing/test duration 
and to different cement contents and types. 

Taking account of all the investigated param-
eters, Methods C and D are recommended as 
being the methods with the greatest potential for 
accurately measuring chloride ingress of concrete. 
Due to insensitivity to change in w/c and concrete 
composition, Method A is recommended for qual-
ity control purposes only.
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ABSTRACT: This study comprises the application of a multi proxy approach, where a strongly 
 deteriorated Austrian sewer system was intensively investigated. Understanding the underlying reac-
tion mechanisms leading to the deterioration by bacteriogenically induced sulfuric acid attack of con-
crete structures is highly complex and often not fully understood. The aim of this study is to contribute 
to a deeper understanding by introducing a novel approach that comprises a range of mineralogical 
methods, as well as hydro-geochemical analyses, analyses of  gases, hydro-geochemical modelling, and 
 microbiological analyses. An overview of the field site and analytical results will be presented. Actual 
causes for  concrete deterioration as well as strategies for sustainable remediation will be presented and 
discussed.

proxy approach, with special focus on  mineralogical 
phase alterations and neo-formations. Therefore, an 
Austrian sewer system which is urgently due for 
restoration, after a lifespan of only 9 years, was 
extensively investigated.

1 INTRODUCTION

Corrosion of  concrete based sewer systems 
due to Microbial Induced Concrete Corrosion 
(MICC) is a worldwide occurring issue with huge 
 economical relevance (O’Connell et al. 2010; Yuan 
et al. 2013). System service-life’s are reported 
to decrease from initially 100 down to as low 
as 10 years (Jensen 2009). General mechanisms 
of  MICC are known since 1900 ( Olmstead & 
 Hamlin 1900) and can be summarized as a series 
of  coupled redox reactions caused by  bacterial 
activities. Within the wastewater, biotic sulfate 
(SO4

2-) reduction occurs under  anaerobic con-
ditions, creating hydrogen sulfide (H2S), among 
other sulfide species (Joseph et al. 2012; Jiang 
et al. 2014). Accordingly, degassing into the 
sewer atmosphere and subsequent  diffusion 
into the pore structure of  the concrete takes 
place. There, re-oxidation by Sulfide Oxidizing 
 Bacteria (SOB), e.g. Acidithiobacillus thiooxidans, 
 produces  sulfuric acid (H2SO4), which causes the 
concrete deterioration to proceed.

This study aims to extend the understanding 
about the driving forces of MICC, using a multi 

Figure 1. Schematic view of the sewer system  including 
the two storage basins, the two power mains and the 
 gravity sewer sections. Orange colors indicate areas of 
intense corrosion, while grey colors represent lower 
 degradation degrees (Grengg et al. 2015).
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2 STUDY AREA

The investigated sewer system is located near the 
provincial city of Graz in the south-eastern parts 
of Austria. It is transporting the daily wastewater 
flow of around 13000 persons, as well as the runoff 
from eventual storm events, thus it can be catego-
rized as a combined sewer network. In 2004 two 
new power mains were installed, in order to secure 
a proper wastewater transport. Ever since commu-
nity complains about odor rose and concurrently 
deterioration of the concrete within parts of the 
gravity sewers started. Figure 1 displays a sche-
matic view of the sewer system.

3 MATERIALS AND METHODS

Solid and liquid samples from different manholes 
throughout the whole system were collected for 
further mineralogical, mechanical, biological and 
geochemical analyses. Long term gas observations 
were conducted within several manholes to meas-
ure total H2S volumes. Additionally, drill cores 
form various concrete manholes were taken in 
order to value the concrete characteristics of the 
non-corroded concrete, the residual thicknesses of 
the manhole shafts and corrosion rates.

3.1 Liquids 

Liquids were sampled throughout the whole sewer 
system for chemical analyses. On site measure-
ments of pH, electric conductivity, O2 concen-
tration and redox potential were carried out. In 
the lab, the solutions were filtered using 0.45 μm 
membranes prior to alkalinity analyses by poten-
tiometric titration with 0.005 M HCl. The concen-
tration of dissolved components was measured by 
a Dionex ICS-3000 Ion Chromatograph (IC) and 
a PerkinElmer Optima 8300 DV Inductively Cou-
pled Plasma Optical Emission Spectrometer (ICP-
OES). A hydraulic press was used to extract the 
pore fluids from the deteriorated concrete, accord-
ing to a modified setup of Tritthart (Tritthart 
1989). The extracted pore fluids were analysed 
correspondingly to the methods described above. 
Hydrochemical modelling was carried out using the 
computer code PHREEQCi (version 3.1.5–9133). 
The minteq database was applied in order to cal-
culate saturation indices of gypsum and anhy-
drite, whereas llnl database was used for bassanite 
(Parkhurst & Appelo 1999).

3.2 Solids

Deteriorated concrete was sampled from different 
sites and shovelled into plastic bags. The samples 

were dried at 40°C, and subsequently grounded, 
together with 10 wt.% ZnO as internal standard, for 
mineralogical analysis using a PANalytical X’Pert 
PRO diffractometer (XRD). Quantitative mineral 
phase identification was carried out with the PAN-
alytical X’Pert HighScore software (version 2.2e). 
Secondary Electron Images (SEI) of deteriorated 
concrete were mugged using AuPd sputtered sam-
ples in a Zeiss DSM 982 Gemini scanning electron 
microscope. Thin sections of drill core samples 
were produced for back-scattered images (BSE), 
single spot analyses and elemental mapping, using 
a JEOL JXA-8200 Superprobe (EMPA).

3.3 Gas phase

Concentrations of gaseous H2S, CH4 and CO2 
within the sewer pipe atmosphere were measured 
using a Draeger 3000 gas monitor. Several long 
term gas measurements were installed in order to 
determine variations in H2S contents.

3.4 Bacteria analyses

Concrete samples were taken in order to extract 
and identify occurrent bacteria. One gram of each 
sample was crushed and suspended in 1 ml 0.9% 
NaCl solution, before being inoculated into a 
100 ml Erlenmayer flask containing 20 ml modified 
growth medium for the enrichment of Thiobacilli 
at 25–30 °C for 7 days. The Thiobacillus broth was 
composed after the Thiobacillus Agar 788, con-
taining mainly thiosulfate (S2O3) and diverse salts 
(Starkley 1935). Grown bacteria were extracted 
and but in a hydraulic medium for selective incu-
bation, consisting of the Thiobacillus Agar 788 
plus 0.2 g precipitated sulfur powder. The DNA of 
emerged bacteria was used for amplification of a 
298 base pair 16S rDNA fragment. Results were 
justified with the 16S rRNA database of Eurofinz 
MWG Operon.

4 RESULTS AND DISCUSSION

Redox potentials from 32 down to −320 mV were 
measured within the first storage basin and grav-
ity sewer, respectively. This is indicative for a strictly 
reducing environment, related to intense bacterial 
activity within the power mains. Low oxygen levels 
of about 0.3 mg/l in the wastewater of the storage 
basins favoured the colonization of sulfate-reduc-
ing bacteria within the biofilm of the power mains. 
Bacteria of the genus Desulfovibrus and Desulfobul-
bus that occur in such environments are known to 
oxidize organic matter rapidly, using sulfate as elec-
tron acceptor in the absence of oxygen or nitrogen 
(Jensen et al. 2011; Jensen 2009). The significant 
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decrease in SO4
2− concentration with flow direction, 

from 247 to 14 mg/l verified the reduction of sulfate 
into sulfide speciation’s due to bacterial activity. 
Simultaneously, the H2S level rose up to 367 ppm 
in the atmosphere of the concrete based manholes. 
The H2S was liberated from the wastewater into 
the manholes atmosphere due to changes in sur-
rounding pressure, flow turbulences and tempera-
ture (Saracevic 2008). Gaseous H2S is considered 
to be rapidly absorbed into the pore structure of 
the concrete where it was oxidized, either by biotic 
or abiotic control, over a chain of complex reac-
tions, with H2SO4 as the final product (Islander 
et al. 1992). During early stages of MICC, acid-
base reactions between CO2, H2S and the concrete 
successively caused the pH to drop from ∼13.5 to 
∼9.5 (Joseph et al. 2012). Under the latter pH pro-
gressive colonization of the concrete pore structure 
by SOB occurred. With persistent decreasing pH 
new strains of bacteria developed and colonized 
the pore structure of the concrete (Alexander et al. 
2013). In this study, the expressed pore fluid from 
the corroded concrete yielded pH values between 3.1 
and 0.7, generating an extremely aggressive (micro)
environment. The bacteria extracted from the dete-
riorated concrete were identified as Acidithiobacil-
lus thiooxidans (Grengg et al. 2015). Those bacteria 
are known to be active until a pH of 0.2 if  sulfate 
concentrations exceed 74 g/l (Lee et al. 2006). In 
our samples the sulfate concentrations were up to 
104 g/l. Chemical compositions of extracted pore 
fluids are displayed in Table 1.

The H2SO4 produced triggered dissolution of 
the cementitious matrix and carbonatic addi-
tives, as well as massive formation of gypsum 
(CaSO4⋅2H2O), anhydrite (CaSO4), and bassanite 
(CaSO4⋅0.5H2O). Figure 2 compares the change in 

Figure 2. Change in quantitative mineralogical com-
pounds of unaltered (grey) versus heavily deteriorated 
concrete (green), related to MICC, together with the 
weight percentage change in %. Note the strong negative 
correlation between the dissolution of the cementitious 
matrix and the carbonatic additives versus the neo-
 formation of sulfate salts, e.g. gypsum (Gp), bassanite (Bs) 
and  anhydrite (Anh). X-ray amorphous phases (Amph), 
mainly represent the CSH phases within the cement.
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quantitative mineralogical composition between 
deteriorated concrete within sewer manholes and 
unaltered concrete. Expected ettringite formation 
lacked due to its high solubility at pH values present. 
The intact precast concrete of drill cores, extracted 
from the manholes of the corroded manholes, 
showed compressive strengths of 88 ±11 N/mm2 
and residual thickness of 4.0 to 12.5 cm. Hence, 
the loss of material within heavily corroded man-
holes could be determined with up to 9 cm within 
the last 9 years (Grengg et al. 2015).

Microprobe analyses displayed gradual depletion 
of the Calcium-Silicate-Hydrate phases (CSH) and 
Calcium Hydrates (CH) within the cementitious 
matrix due to dissolution caused by the propagating 
corrosion. Simultaneously, integration of sulfur (S) 
into the concrete matrix proceeded, with coinstan-
taneous depletion of silica (Si), calcium (Ca) and 
magnesium (Mg) occurring. In general, the integra-
tion of S proceeded along cracks and grain bounda-
ries of the additives, before propagating throughout 
the whole matrix. The dissolved ions, such as Mg, 
Ca, Na, or NO3 were continuously enriched within 
the interstitial solutions resulting in high concen-
trations of Total Dissolved Solids (TDS) (Table 1). 
Most relevant element distributions are displayed 
in Figure 3 (B-G). Additionally, element mapping 
within thin sections of different alteration zones 
clearly document, beside of expected incorporation 
of S and coincident depletion of Si and Ca, areas 
where Mg, Al, and Fe  accumulated. Those accumu-

lation zones can be explained by the pH depending 
stability of single Mg, Al and Fe bearing phases. Mg 
containing phases within the cementitious matrix, 
got dissolved in low pH areas until oversaturation 
occurred, followed by its re-precipitation, as i.e. bru-
cite (Mg(OH)2) in zones of pH >10. In analogy, due 
to its amphoteric characteristics, Al re- accumulated 
as, e.g. aluminium hydroxide (Al(OH)3), in areas 
where the pH ranged between 10 and around 5 
(Appelo & Postma 2005). Fe accumulations within 
areas with pH <5 could be due to the activity range 
of the SOB species Acidi-thiobacillus ferrooxidans 
at these conditions. These chemolithrophs have 
the ability to use ferric iron (Fe(III)) as an electron 
acceptor if  oxygen is limited. Hence, subsequent 
reduction of Fe(III) proceeded, which triggered 
massive dissolution of the higher soluble ferrous 
iron (Fe(II)), resulting in high concentration of dis-
solved Fe ions of up to 15.7 g/l.

Consequential, oversaturation of distinct iron 
bearing phases, e.g. melanterite (FeSO4⋅7H2O) 
occurred and iron precipitation proceeded. Accu-
mulation zones of Mg, Al and Fe are displayed in 
Figure 3 (A; B–D).

5 CONCLUSION

The application of a multi proxy approach, including 
chemical, mineralogical, mechanical and microbio-
logical analyses, is a very powerful tool to  investigate 

Figure 3. Displaying the pH depending dissolution and re-precipitation of Mg, Al, and Fe within a progressive corro-
sion front from the right to the left side (A). Mg accumulations indicate pH >10 (B) while Al is enriched in areas with pH 
between 5 and 10 (C). Fe enrichment can be explained by the ability of Acidithiobacillus ferrooxidans to reduce Fe (III) 
to Fe (II) and subsequent oversaturation of distinct iron bearing phases within the interstitial solutions causing precipita-
tion (D). Additionally, concentrations of sulfur (S), calcium (Ca) and silica (Si), within the propagating corrosion front, 
emanating from top right to bottom left, are presented (E–G). Notice the opposing trend of Si and S enrichment.
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the complex reactions induced by MICC. The 
 deterioration of the concrete in an Austrian sewer 
system was clearly attributed to bacteriogenically 
induced sulfuric acid attack and associated forma-
tion and degassing of H2S. The pH values below 1 
created an extremely aggressive (micro)environment 
within the pore structures of the concrete which 
enhanced the decomposition of the cement matrix 
and its alteration into distinct calcium sulfate salts, 
e.g. gypsum, anhydrite and bassanite. Rapid con-
crete corrosion is unavoidable under such conditions 
and could be quantified to exceed rates of 1 cm/y.
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ABSTRACT: Exposing concrete to a freeze-thaw attack in the presence of water increases the water 
content of the pores in relation to the pore volume (the so-called degree of saturation). Hereby the degree 
of saturation can significantly exceed the saturation reached by the capillary suction normally observed 
on concrete. Upon reaching a critical value of saturation structural damage within the concrete, i.e. the 
formation of cracks, will occur within only one freeze-thaw cycle. The so-called frost suction cannot be 
described from single classical transport laws, such as diffusion etc. In order to quantify the frost suction, 
it is decisive to observe continuously, non-destructive and spatially resolved the water transport during the 
freezing and thawing process. A suitable measurement method is the one-dimensional Nuclear Magnetic 
Resonance imaging technique (NMR). For this analysis method, a special set-up was used which allows 
a non-destructive and highly spatially resolved detection of the water uptake during the frost exposure. 
Thus, using this NMR technique the time-dependent progress of the water uptake in hardened cement 
paste during the frost attack test was investigated. Selected results will be presented in this paper.

2 PHYSICAL MECHANISMS 
OF FROST DAMAGE

The deterioration of concrete caused by freeze-thaw 
action is directly linked to the formation of ice on 
the concrete’s surface and within its porous micro-
structure. During the phase change from liquid to 
solid, water exhibits a volume dilatation of approx. 
9 vol.-%. In case the degree of water saturation in 

1 INTRODUCTION

Concrete structures are exposed to various envi-
ronmental exposures. One of  the most relevant 
ones in moderate climate zones such as north-
ern Europe is frost attack. Frost damage occurs 
when several unfavourable conditions are met at 
the same time. These conditions include numerous 
freeze-thaw cycles with low temperatures in com-
bination with sufficient water influx to the build-
ing element and insufficient frost resistance of  the 
used concrete.

The damage is characterized by the scaling of 
the fine mortar on the surface and a micro crack 
formation in the interior of the structural element 
(see Fig. 1). This can lead to a reduction of the 
strength of the concrete so that the intended serv-
ice life of the building is significantly reduced.

The lifetime prediction of concrete exposed to 
frost strongly depends on the accuracy of the model 
laws applied. However, due to the complexity of the 
physical effects observed during freezing and thaw-
ing the formulation of time-dependent deterioration 
laws is extremely difficult. So far, no appropriate 
model for the service life prediction of the freeze-
thaw attack for concrete is available. Hence, there is 
great need for research (Djuric et al. 2012).

Figure 1. Frost damage on a hydraulic engineering 
structure in Saratov (Russia).
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the pores exceeds a defined critical value—the so-
called critical degree of saturation Scrit—the pore 
space is not sufficient for the volume expansion 
of freezing water (Fagerlund 2004). The freezing 
water causes a burst pressure in the pores which 
can lead to large tensile stresses in the surround-
ing hardened cement paste. Exceeding the tensile 
strength of the cement paste, this pressure gives 
rise to an internal cracking and so to a progres-
sive destruction of the concrete (Powers 1945, Hel-
muth 1972). Against this background, the degree 
of water saturation of the pore system is essential 
for the formation of damages within the concrete. 
As damages virtually occur instantaneously when 
the critical saturation is reached, modelling the 
deterioration behaviour of concrete must focus on 
the description of its saturation behaviour.

As can be seen from Figure 2 by comparing the 
water uptake of two concretes subjected to pure 
capillary suction or to a repeated freeze-thaw load-
ing within the so-called CIF-Test (Capillary Suc-
tion, Internal damage and Freeze-thaw Test, see 
(Setzer 2001a)), the water uptake resulting from 
freezing and thawing by far outweighs the one from 
classical transport processes such as capillary suc-
tion or diffusion (also see (Kruschwitz 2008)). This 
was explained by Setzer with the so-called “micro 
ice lens model”, which can be illustrated using 
 Figure 3 (Setzer 2009, Setzer 1999, Setzer 2001b).

Figure 3 shows the temporal course of the tem-
perature and the resulting strain deformation of a 
concrete structural element as well as the involved 
physical processes during the freeze-thaw action. 
Essential for understanding the mechanisms of 
freeze-thaw damaging is the fact, that the freezing 
temperature of water is strongly influenced by sur-
face forces as well as the ion content of the water. 
As the surface forces strongly increase with reduc-
ing pore size, the freezing behaviour of the pore 
water thus is a function of the pore size distribu-
tion of the concrete.

For reasons of simplification, in Figure 3, con-
crete is considered as hardened cement paste with 
very fine gel pores and larger capillary pores, which 
are both embedded in the hydration  products. 
 During cooling below 0 °C, at first water freezes on 
the concrete surface (Fig. 3, stages 1 and 2) whereas 
the water in the gel and capillary pore system still 
is in the liquid state at this point (Powers 1945, 
Setzer 1999). If  the temperature is further reduced, 
the water contained in the larger capillary pores 
begins to freeze (see Fig. 3, stage 3) whereas in the 
gel pores it is still in the liquid state. For stationary 
conditions, the capillary pores contain a defined 
amount of ice, whereas the remaining volume is 
filled by air with a specific humidity. Being in con-
tact with the ice, the humidity of the air is strongly 
reduced by condensation and freezing. However, 
being in contact with the gel pore system, the dry-
ing of the pore-air is compensated by a transport 
of liquid water from the gel pores to the capillary 
pores and thus manifests itself  macroscopically in 
concrete shrinkage (frost shrinkage).

Only at very low temperatures below approx. 
−25 °C the water which is trapped in the smallest 
capillary pores and in the gel pores changes its phase 
state and freezes (Fig. 3, stage 4, see also (Siebel et al. 
2005)). This results in a pronounced volume expan-
sion of the sample and—due to the ice pressure—to 
initial changes such as crack formation.

During the thawing process, at first ice con-
tained in the gel pores and in the very fine capil-
lary pores begins to melt (Fig. 3, stage 5). Due to 
the water loss the gel pores experienced during the 
previous freezing process in combination with the 
micro-structural damages of the hardened cement 
paste that surrounds the pores, negative pressure 
has been generated, which can be reduced only by 
water absorption, i.e. by an overall increase of the 
degree of saturation. This process is described as 
frost suction (Siebel et al. 2005, Setzer 2001b). As 
a prerequisite, liquid water e.g. on the concrete sur-
face must be available at this time. This is especially 
true when the concrete surface is treated with de-
icing salts (e.g. chloride) so that the freezing point 
of free water at the surface is greatly reduced. As a 
consequence water loaded with chlorides is sucked 

Figure 2. Water absorption of two different concretes 
with water/cement ratio (w/c) of 0.5 and 0.6 during cap-
illary suction and frost suction in the CIF-Test (dashed 
lines: data from (Müller & Guse 2010)).
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into the pore system and due to diffusion effects 
provokes a further increase of the degree of satura-
tion (Fig. 3, stage 6).

Structural damage of hardened cement paste on 
micro-level manifests itself  in a remaining residual 
strain and in significantly increased water satura-
tion, see e.g. (Auberg 1998).

With regard to the description of the deterio-
ration process it is important to note, that both 

the saturation front and thus the deterioration are 
unidirectional processes, progressing from the con-
crete surface into the concrete. Results presented 
by Kruschwitz (Kruschwitz 2008) using a thermo-
dynamic model show, that changes in the water 
saturation of the concrete are normally limited to 
the top millimetres of the concrete, see Figure 4. 
Experimental evidence for these results is however 
missing so far.

In his model Kruschwitz (Kruschwitz 2008) 
represents the suction process essentially by a seep-
age flow, and thus by a permeation process. With 
the numerical solution presented by Kruschwitz, 
changes in concrete moisture and concrete defor-
mation due to freezing can be calculated (Krusch-
witz 2008). Figure 4 shows that frost suction is of 
central importance particularly for the saturation 
behaviour of the concrete surface zone.

3 MOISTURE MEASUREMENT IN 
CONCRETE BY NMR METHODS

3.1 Measurement principle of the NMR method

The basic physical concept underlying the NMR 
method is the interaction of atomic nuclei with 
external magnetic fields (Hardy 2012). Hereby, 
hydrogen nuclei possess the strongest naturally 
occurring magnetic moment and can be well 
detected.

The NMR measurement setup in principle is 
shown in Figure 4. It consists of two permanent 
magnets (1), in the centre of which an open-ended 

Figure 3. Schematic strain behaviour of hardened cement paste during the freeze-thaw test after repeated freeze-thaw 
cycles including schematic representation of physical processes in the hardened cement paste for each state.

Figure 4. Related water content change in dependence 
of the distance from the hardened cement paste surface 
before and after the frost stress from a numerical calcula-
tion (Kruschwitz 2008).
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cylindrical sample space (2) is located. Within the 
sample space the hardened cement paste specimen 
(5) is exposed to a directed magnetic field (main 
magnetic field of strength B0) through which an 
equilibrium magnetization of the sample parallel 
to the B0 field is produced. The sample space itself  
is surrounded by a coil (3), by which the hydrogen 
nuclei of the sample can be excited for a short time 
with a high frequency field B1, perpendicular to the 
B0 field. By the superposition of these two mag-
netic fields B0 and B1, the nuclear magnetization of 
1H nuclei atoms is deflected from its B0 orientation. 
After the B1 field has been turned off, a precession 
movement of the magnetization in the sample is 
observed, which induces an electrical response sig-
nal in the high frequency coil, see Figure 4. The 
intensity of the response signal is proportional to 
the existing number of 1H nuclei and thus with 
the water content of the sample. From the signal 
decay, information on the degree of binding and 
the physical state of the water can be derived.

Using this measurement technique an integral 
value for the water content in the sample can be 
obtained. For a spatially resolved—in this case 
depth-resolved—moisture measurement, the 
experimental setup was equipped with a gradient 
coil (4) by which the magnetic field can be varied 
locally in its intensity, thus encoding the measure-
ment signal with a spatial information.

3.2 Used NMR set-up

For the NMR moisture measurement a BRUKER 
minispec mq10 NMR Analyzer apparatus was 
used and equipped additionally with a gradient 
coil system (see section 3.1). The system is con-
nected to a computer for the detection of long 
running measurements. The field strength of the 
B0-field is 0.235 T and is produced by a permanent 
magnet system.

The principle interior set-up is schematically 
pictured in Figure 5. Adjacent to the shown com-
ponents a glass Dewar tube (inner diameter is 
12 mm) with high vacuum and silver coated sur-
face is installed (see Fig. 5). This serves as a protec-
tion against the internal temperature of 40 °C of 
the magnets and to ensure a one-dimensional heat 
transport during an in situ frost attack simulation.

3.3 NMR pulse sequence

To obtain a relationship between the signal inten-
sity and the moisture content, the Free Induction 
Decay (FID) was measured. This is the easiest 
method to get a signal from the entire sample.

The spatially resolved data were measured with 
a Single Point Imaging (SPI) sequence with incre-
mented encoding times (Emid & Creyghton 1985).

3.4 Calibration

As previously mentioned, the degree of water 
saturation plays an important role in view of the 
freeze-thaw attack. Fagerlund defines the degree 
of saturation as follows:
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where S  = degree of saturation [–]; vw = total water 
volume (evaporable at 105°C) [cm3]; vp = volume of 
the pores [cm3]; mact = mass of the sample at the 
time of the examination [g]; m105 °C  = mass of the 
sample after drying at 105 °C [g]; m150 bar = mass of 
the sample after saturation with water at 150 bar 
pressure [g]; and ρw = density of water [g/cm3] 
(Fagerlund 1977).

This formula was taken as a basis to convert the 
NMR signal into a degree of saturation.

First of all, to ensure a proportional depend-
ency between the measured NMR signal intensity 
(in the considerable time domain for the intended 
investigation) and the water saturation, samples 
with different water/cement ratio and different lev-
els of saturation were examined. For this, evacu-
ated samples were first saturated in water under 
150 bar pressure and dried slowly. Frequently the 
intensity of the NMR signal given by the whole 
sample was measured (analyzed by FID). Only 
at the end of the drying process the samples were 
dried at 105 °C and the value of the saturation 
degree were determined (see Eq. 1).

Figure 6 shows the dependency of the signal at 
the echo time of 37 μs, 52 μs, 102 and 202 μs, exem-
plary for four hardened cement paste samples (called 
calibration samples Cal1, Cal2, Cal3, Cal4) with a 
water/cement ratio of w/c = 0.4. As can be seen from 
Figure 6 the signal intensity increases linearly with 

Figure 5. Schematic representation of NMR measure-
ments with a superposed magnetic field gradient.
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the degree of saturation. Finally, the linear depend-
ency permits the direct calibration of the spatially 
resolved signal intensity (measured by SPI) into the 
distribution of the degree of saturation in the sam-
ple. So, the calibration was taken as follows:

S
I

INMS RMM
SI

=
=1

 (2)

where SNMR = degree of saturation identified by 
the NMR; I = spatially resolved signal intensity 
over the sample; and IS=1 = spatially resolved signal 
intensity over the saturated sample measured on 
equivalent samples.

In additional to the examination of the integral 
NMR signal intensity of saturated samples, the dis-
tribution of the water content and the NMR signal 
intensity, respectively, was analyzed.  Figure 7 shows 
the results obtained from the SPI measurements 
of the hardened cement paste samples, for water/
cement ratios of w/c = 0.4, 0.5 and 0.6, saturated 
in water at 150 bar pressure (S = 1). Each curve is 
generated by averaging the spatially resolved NMR 
signal intensity IS=1 of several samples.

As can be seen from Figure 7 a spatial resolution 
of 1.33 mm (between adjacent data points) could 
be achieved in the experiments. The resolution is 
even better at later echo times of the signal.

The transition from air to the sample reflected 
in a sudden increase in signal intensity (see Fig. 7). 
Further, Figure 7 shows that the signal intensity 
decreases strongly with decreasing water/cement 
ratio. This is attributed to the decreasing poros-
ity with decreasing water/cement ratio and thus 
to the decreasing water content in the sample and 
 modified NMR relaxation behaviour. Further, 
against the background of the higher sensitivity of 

Figure 6. Degree of saturation subjected to the intensity 
of the NMR signal at an echo time of 37 μs, 52 μs, 102 μs 
and 202 μs for four equal hardened cement paste samples 
with w/c = 0.4 (FID measurements, every  measured sig-
nal is indicated relative to the signal of a homogeneous 
reference sample).

Figure 7. Signal intensity IS=1 distributed over the lon-
gitudinal axis of hardened cement paste samples with 
different water/cement ratios saturated in water at 150 
bar pressure at an echo time of 60 μs (the signal is indi-
cated relative to the signal of a homogeneous reference 
 sample). The amount of measured samples which were 
taken for the averaging and the standard deviation is 
given in brackets.

the NMR set-up in the center of the coil (z = 0) 
the distribution of the saturated sample can be 
assumed as homogenous.

4 EXPERIMENTAL

4.1 Sample preparation

For the sample preparation Portland white cement 
CEM I 42.5 R with a very low iron content was used 
and mixed to a cement paste with a water/cement 
ratio of w/c = 0.4. The fresh cement paste was filled 
in small tins and compacted shortly on a vibra-
tion table. All tins were closed airtight and rotated 
for 24 hours in a wheel-setup preventing sedimen-
tation. After approx. 28 d cores of 1 cm diameter 
were obtained and cut to a length of 2 cm. Until the 
experimental investigation the samples were stored at 
a climate of 20 °C and 65% RH (relative humidity).

For the sealing of the generated surface—that 
took place one week before testing—epoxy resin 
in combination with glass fibers was used. Epoxy 
resin is suited because of the invisibly in the NMR 
and the possibility of applying a thin coating that 
is necessary due to the lack of space in the NMR 
Dewar tube. Further it was important to make the 
sealing longer than the real sample (see Fig. 8), 
forming a small container on top of the test sur-
face. In this container water can be inserted pre-
venting a water loss during the one hour lasting 
NMR measurements.

4.2 Experimental investigation

The experimental investigation of the water trans-
port during the frost attack was performed on 
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 hardened cement paste with a water/cement ratio of 
w/c = 0.4 at the age of 6 months (see section 4.1).

As the basic principle for the simulation of the 
practical frost-attack of hardened cement paste a 
modified common testing method, the “Capillary 
suction, Internal damage and Freeze thaw Test” 
(CIF-Test), was used (Setzer 2001a).

The frost testing program is subdivided into two 
sections:

1. capillary pre-saturation
Getting a capillary saturated test surface, the 
samples were exposed to demineralized water 
for three days (see Fig. 8).

2. cyclic freezing and thawing exposure 
The capillary saturated samples were exposed 
to the frost attack (see Fig. 8) with a minimum 
temperature of −10 °C and 30 Freeze-Thaw 
Cycles (FTC).

The test set-up for the capillary suction and 
the frost exposure is given in Figure 8. The test 
specimens were placed in distilled water. For the 
simulation of the freeze-thaw cycles the containers 
equipped with test specimens were put into a liq-
uid cooling bath of an insulated CIF-freezer. One 
freeze-thaw cycle took 12 hours and consisted of a 
3 hour cooling from 20 °C to −10 °C and holding 
for 3 hours at −10 °C, 3 hours thawing and finally 3 
hours holding at 20 °C. A cooling and thawing rate 
of 10 K/h was used.

The measurement of the moisture profile was 
carried out before and after the capillary suction 
and during the freezing and thawing exposure at 
intervals of two freeze-thaw cycles.

Comparing the frost suction to a capillary suc-
tion further samples were kept in the shown water 
container (Fig. 8, left) in a climatic chamber at a 
temperature of 20 °C and a relative humidity of 
65%. Also at these samples the NMR measure-
ment was done daily.

4.3 Results

As explained in section 3.4 the measured signal 
intensity profiles are normalized with respect to 
the signal intensity SIs=1 of  equal, but completely 

saturated, samples into the degree of saturation. 
It should be noted that all investigated samples 
were measured with a water film on the sample 
surface (section 4.1) preventing a water loss dur-
ing the measurement; however for the used NMR 
pulse sequence this free water is not visible due to 
its long relaxation. Both the capillary water uptake 
test and the frost attack test were performed on 
four equal samples each (w/c = 0.4). The presented 
results show the mean value at each measure point 
of the four samples of each.

4.3.1 Capillary suction
The result of  the time dependent and spatially 
resolved degree of  water saturation during the 
capillary suction (without frost exposure) is 
presented in Figure 9. Here the water exposed 
surface is located at approx. z = 8 mm and the 
center of  the sample is at z = 0 mm. Because of 
the higher sensitivity of  the frequency coil in the 
center of  the NMR machine, a slight gradient 
can be observed at the left and right surfaces of 
the sample. Further the free water on the sample 
surface influences the measurements in the first 
millimeters next to the stressed surface.  Therefore 
the first 2 mm of  the profile border area and the 
edges of  the samples, respectively, have to be 
ignored (see grey area in Fig. 9).

As can be seen from Figure 9, the gradual water 
uptake could be closely followed with a longitu-
dinal resolution of 1.14 mm. Before starting the 
capillary suction test, the samples were stored in 
a climatic chamber at 20°C/65% RH until reach-
ing the hygral equilibrium state. The distribution 
of the saturation degree at this hygral quilibrium 
state is labeled 20°C/65% RH (see Fig. 9). At this 
time the measurement shows a homogeneous dis-
tribution of moisture throughout the sample with 

Figure 8. Experimental process of the water uptake 
during capillary suction (left) and frost suction (right).

Figure 9. Averaged degree of saturation profiles distrib-
uted over the longitudinal axis of hardened cement paste 
samples with a water/cement ratio of w/c = 0.4 during the 
capillary suction (SPI with 70 μs echo time).
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a saturation degree of S = 0.7. After exposing the 
surface (z = 8 mm) to water the degree of satura-
tion increases in the first millimeters. The first pro-
file after water exposure was measured after only 
three days of capillary suction. Here, the degree 
of saturation rose up to S = 0.9 in the first 5 mm. 
In the course of the water uptake two effects were 
observed. On the one hand the degree of satura-
tion is marginally growing in the area next to the 
exposed surface up to S = 1.0 and on the other 
hand the water front is propagating slowly into the 
sample. After 3 weeks of the capillary water uptake 
the water front reached the bottom of the sample 
with a maximum degree of saturation of S = 0.8.

4.3.2 Frost suction
The longitudinally resolved increase of the saturation 
degree in the sample in dependence of the freeze-
thaw cycles is shown in Figure 10. The resolution is 
1.14 mm. Here again the exposed surface is located 
at about z = 8 mm and the center of the sample is at 
z = 0 mm. As explained above, the profile margins 
should remain unconsidered (see grey areas).

The homogenous distribution of moisture 
before the beginning of the test with a satura-
tion degree of S = 0.7 is also given in Figure 10. 
After three days of capillary suction the saturation 
degree reached a value of S = 0.9 in the first millim-
eter of the exposed surface. Thereafter the freeze-
thaw attack starts. The NMR measurements were 
performed after 2, 4, 6, 8, 14, 16, 18, 20, 22, 28 
and 30 FTC. As can be seen, the cyclic exposure 
provokes an increase of the saturation degree that 
outweighs the one from the pure capillary suction 
(compare Fig. 10 with Fig. 9) at each measurement 
point of the sample. Furthermore there is a faster 
transportation of water into the sample. It is nota-
ble, that the saturation degree of S = 1.0 is reached 

after only 2 FTC and even exceeded. The reason is 
the dilatation of the freezing water in the pores and 
the related expansion of the pores. Hence, a dam-
age of the samples can be assumed.

4.4 In situ one-sided temperature control

For the in situ investigation of moisture profiles 
in hardened cement paste samples during the frost 
attack a NMR measurement system with a spe-
cially adapted sample head including a cooling 
unit was developed (see Fig. 11).

For the one-sided cooling of the hardened 
cement paste sample in the NMR system, a suit-
able thermo-electric cooling element provides the 
required cooling power for the needed temperature 
difference. On the hot side, the heat is dissipated by 
a heat exchanger at about 273 K. On the cold side 
there is an aluminum block for the heat transfer. 
To this, a cooling bar is attached which establishes 
the thermal connection to the sample. The material 
of the cooling bar has to be a good heat conductor 
without being an electrical conductor and neither 
being para- or ferromagnetic (silicium or ceramic).

The described set-up is then introduced into the 
cylindrical Dewar tube of the NMR system and 
the measurement is started.

Within the framework of the initial application 
of the presented set-up the freezing and thawing 
process could be followed with a very high accuracy. 
Intensive investigations on this are in process.

Figure 10. Averaged degree of saturation profiles dis-
tributed over the longitudinal axis of hardened cement 
paste samples with a water/cement ratio of w/c = 0.4 dur-
ing the frost suction (SPI with 70 μs echo time).

Figure 11. Setup for the in situ one-sided temperature 
control.
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5 CONCLUSIONS

The paper presented the potential of a new NMR 
set-up which allows a time-dependent, non-
 destructive and highly spatially resolved scanning 
of the water transport of hardened cement paste 
subject to a freeze-thaw exposition.

First, to obtain accurate quantitative moisture 
profiles, a calibration method of the measured 
NMR signal for hardened cement paste had to be 
developed by converting the signal into a degree of 
saturation. The calibration and its application are 
shown in the paper.

Furthermore, the spatially resolved water trans-
port due to the capillary suction and the frost suc-
tion has been investigated. The results obtained 
from the analysis showed that the water transport 
during the freeze-thaw attack is even more active 
than the one by capillary suction. Obtaining a 
saturation degree of 0.75 by capillary suction in 
the border area of the stressed surface, the frost 
suction provokes a degree of saturation of 1.0 or 
even higher that give a sign for the sample damage. 
Additional to this the water front, caused by the 
frost attack, penetrated further into the sample.

In conclusion, an extended NMR setup for the 
in situ one-sided temperature control is presented. 
Thereby, for the first time it is possible to observe 
the freezing and thawing processes and associ-
ated therewith the water transport during the 
 freeze-thaw attack without interruption.

The presented opportunities of the developed 
NMR set-up are investigating in the framework 
of a research project at the Karlsruhe Institute 
of Technology (KIT). Currently further influ-
ences on the frost suction both from the concrete-
 technological parameters (water/cement ratio) as 
well as environmental conditions (temperature 
intensity) are examining.
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Effects of electrochemical chloride extraction on microstructure 
of various cement paste systems
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ABSTRACT: The adverse effects of the long term application of electrochemical chloride extraction 
on binding capacity of hydrated cement products are innegligible. In this study, the influences of elec-
trochemical chloride extraction in the microstructural properties of hydrated cement products of cement 
pastes were investigated in paste specimens by using a modified migration cell that was conducted with the 
applied current density of 4.5 A/m2 and synthesized pore solutions used as electrolytes for 8 weeks. Three 
types of cement pastes were used with the water/binder ratio of 0.4; that were ordinary Portland cement, 
fly ash cement and blast furnace slag cement pastes. Chloride source was supplied by adding 1.5% sodium 
chloride. After extraction, the acid-soluble chloride content significantly reduced. Portlandite content 
increased proportionally with the time of extraction in ordinary Portland cement and fly ash cement 
pastes. Furthermore, the alteration and decomposition of C-S-H were inevitable with different rates.

Keywords: electrochemical chloride extraction; chloride removal; C-S-H gel; modified migration cell

 further corrosion progress of reinforcement when 
it was conducted in several existing reinforced con-
crete structures; however, have not stopped the 
arguments, not only about the effectiveness and 
the possibility of this method on preventing the 
deterioration progress but also the technical term 
[1–14]. Moreover, the use of substitution materials 
has been applied widely for last some decades, but 
there were very few studies of the impacts of ECE 
on blended cement.

Therefore, in this study the impacts of ECE in 
chemical properties and C-S-H, the main com-
ponent that affects to the binding capacity of 
the paste on various types of cements including 
 Ordinary Portland Cement (OPC), Fly Ash cement 
(FA) and Blast Furnace Slag cement (BFS) pastes 
were studied.

2 EXPERIMENTAL PROCEDURE

The paste specimens were casted with the size of 
40 mm by 40 mm by 160 mm in stainless steel 
mold and with the water-to-binder ratio of 0.4. 
Three types of binder were used, ordinary Port-
land cement, fly ash cement with 20% of fly ash 
and blast furnace slag cement with 40% of slag 
by weight of binder. The source of chloride in the 
pastes was supplied by adding 1.5% NaCl into 
mixing water during casting. The proportions of 
cement pastes and the composition of cement, fly 

1 INTRODUCTION

The resources of the earth are depleted day by 
day, including the materials for concrete, the most 
popular material used in construction. Therefore, 
the maintenance and prolongation the lifetime of 
an existing structure are necessary not only due to 
the budget issues, but also the sustainability prob-
lems for the effective using of earth materials and 
carbon dioxide emission.  Electrochemical real-
kalization and Electrochemical Chloride Extrac-
tion (ECE in this paper) arose as options to solve 
the issue that, when the source of corrosion is 
extracted or eliminate out the zone around steel 
reinforcement, it is not clear if  the corrosion proc-
ess of reinforcement stops, the passive layer is re-
passivated or the deterioration progress could be 
slowdown and the performance and lifetime of the 
structures prolonged.

Theoretically, they are both potential methods 
to stop the further corrosion process and miti-
gate the deterioration progress of reinforced con-
crete structures when they are exposed to severe 
 environments. Although they have the same prin-
ciple, the results from many studies have shown 
out that the efficiency of fore-mentioned methods 
is  different. Meanwhile electrochemical realkaliza-
tion has been accepted widely [1–2], the effective-
ness and efficiency of ECE are remaining suspicion 
although there were many research have been 
done. The feasible results of ECE on  mitigating the 
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ash and blast furnace slag powders are summarized 
in Tables 1 and 2, respectively. To prevent the unex-
pected segregation of solid particles in the mix, the 
paste was kept mixing five minutes for two hours 
and a half  at 15-minute intervals before pouring 
into the stainless steel molds. These molds were 
then wrapped by polyethylene film for 24 hours 
before the paste specimens were demoulded and 
immersed in saturated calcium hydroxide solution 
to prevent leaching of Portlandite. After curing for 
three months in saturated calcium hydroxide solu-
tion, the paste specimens were cut into the disks 
with the size 40 mm by 40 mm by 5 mm as shown 
in Figure 1. These disks were soaked in acetone 
for one day and then dried in desiccator for two 
days. Afterwards, they were preserved in a vacuum 
chamber before conducting the test in order to 
suppress the effect of carbonation.

To set up the extraction, the disk specimen was 
assembled a pair of rubber case and then held in 

an acrylic holder of the migration cell as shown 
in Figure 2. Similar to the others, the migration cell 
using in this test involves two transparent compart-
ments with the acrylic holder at the middle to hold 
the paste disk and two electrodes to connect to the 
power supply as shown in Figure 3. However, some 
modifications on the acrylic holder so as to allow 
conducting the experiment on much thinner speci-
mens in compared to the other migration cells. 
Therefore, the effect of the electrical current to the 
chemical and morphological properties of cement 
paste can be studied in more detail with less inter-
ference of the preparation procedure.

To simulate the extraction process in a rein-
forced concrete structure, synthesized pore solu-
tion with appropriate concentration of chloride 
ions, solution 1, was used as catholyte for first 
four weeks of the extraction process; afterward, 
the catholyte was replaced by the other synthe-
sized pore solution that contains no chloride ions, 
solution 2. Solution 2 was also used as anolyte 
throughout the extraction process. The concentra-
tion of electrolytes and pH of them are given in 
Table 3 [15]. Eight migration cells were conducted 
for each type of binder. The electrical current den-
sity of 4.5 A/m2 with respect to the surface area 

Figure 1. Cement paste specimen and paste disks using 
in migration cell.

Table 1. The proportion of cement paste (%. wt weight 
of binder).

W/B Cement Fly ash Slag NaCl

OPC paste 40 100  0  0 1.5
FC paste 40  80 20  0 1.5
BFS paste 40  60  0 40 1.5

Table 2. Composition of cement and fly ash (%. wt 
weight of powder).

SiO2 Al2O3 Fe2O3 CaO MgO SO3

OPC 21.5  5.65 2.53 64.9 – 1.07
FA 55.40 26.90 3.70  4.10 0.40 0.70
BFS 33.3 15.7 0.4 42.8 6.5 –

Figure 2. Rubber case and acrylic holder.

Figure 3. Schematic illustration of modified migra-
tion cell.
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of paste specimen was employed for eight weeks. 
The detailed current and voltage applied for each 
type of cement pastes were presented in Table 4. 
After each two-week interval of extraction, two of 
those eight migration cells were terminated cur-
rent application. These disks were immersed in 
acetone within 24 hours before cutting off  the edge 
that was held by the rubber case during extrac-
tion as shown in Figure 4. Three-quarters of this 
remaining were crushed and pulverized to gain the 
powder. Those samples were dried in desiccator for 
3 days before preserving in a vacuum chamber to 
counteract the effect of carbonation.

Acid-soluble chloride content and water-soluble 
chloride content in the paste powders were deter-
mined in accordance to ASTM C1152/C1152M 
and ASTM C1218/C1218M, respectively. Thermal 
analysis was carried out to evaluate the variation in 
Portlandite existene in the pastes during the extrac-
tion process. Moreover, the alteration of C-S-H 
gels was investigated through Scanning Electron 
Microscope (SEM) and Energy-Dispersive X-ray 
Spectroscopy (EDS).

3 RESULTS AND DISCUSSIONS

3.1 Chloride removing

The acid-soluble chloride content profiles or total 
chloride content in cement paste versus the time 
of extraction are shown in Figure 5. As expected, 
when the synthesized pore solution with chloride 
ions—solution 1 was still used as catholyte during 
the first four weeks, which simulates the condition 
that chloride ions in pore solution around the cath-
ode migrated towards the anode under the impact 
of the electrical field, the chloride content in the 
pastes increased. However, after the catholyte was 
changed to solution 2, the chloride content in the 
pastes significantly reduced, especially in ordinary 
Portlant cement and fly ash cement pastes. Based 
on the acid-soluble chloride content profiles, as 
shown in Figure 5, approximately 53% and 48% 
of the initial acid-soluble chloride content were 
released from the ordinary Portland cement and 
fly ash cement pastes after the current application 
for 8 weeks. The reduction of acid-soluble chloride 
in the blast furnace slag cement paste was lower: 
only approximately 30%.

Figure 6 shows the variation in the water-
soluble chloride content during the extraction 
process. These results are corresponding to the 
acid-soluble chloride content profile as shown in 
Figure 5. When solution 2 was used as catholyte in 
the first four weeks, water-soluble chloride content 
increased. It followed by the significant reduction 
after the catholyte was replaced by solution 2. At 
the end of the extraction process, 68% and 53% 
of the initial water-soluble chloride were removed 
from the ordinary Portland cement and the fly 
ash cement pastes, while it was 35% from the slag 
cement paste.

Table 3. Composition of electrolytes (mol/l).

Solution 1 2

KCl 0.11 0.00
KOH 0.10 0.20
NaCl 0.117 0.00
NaOH 0.15 0.10
Ca(OH)2 Oversaturated Oversaturated
pH 13.39 13.47

Table 4. Applied current and voltage for each 
type of cement paste.

Current (mA) Voltage (V)

OPC paste 4.61 2.0
FA paste 4.61 7.0
BFS paste 4.61 3.9

Figure 4. Disk specimens after ECE application.

Figure 5. Acid-soluble chloride content in cement 
pastes versus time of extraction.
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For ordinary Portland cement and blast furnace 
slag cement pastes, the reduction of binding chlo-
ride content during the extraction is negligible, it 
was approximately 7% of the initial binding chlo-
ride content at the end of the current application; 
on the contrary, in the case of fly ash cement paste 
the reduction of binding chloride is unignorable, it 
reached to 35% of the initial binding chloride con-
tent, as shown in Figure 7.

However, the height of the specific peak of 
Friedel’s salt at the angle (2θ) of 11.3° from the 
X-ray diffraction results employed in initial paste 
powders (OPC-00, FA-00 and GBFS-00) and the 
specimens had been applied the current for 8 weeks 
(OPC-08, FA-08 and BFS-08) present greater 
reduction in ordinary Portland cement and blast 
furnace slag cement pastes than that in fly ash 
cement paste as shown in Figure 8. There was no 

significant difference on the height at that specific 
peak in the fly ash cement paste after extraction in 
comparison to the other types of binder. It seems 
that the reduction of binding chloride in the fly ash 
cement paste during extraction process primarily 
contribute from the chloride that adsorbed on the 
surface of C-S-H.

It is interesting here that, in this study, the alu-
minium oxide content in slag cement and fly ash 
cement are almost the same, 9.67% and 9.9% and 
is considerably higher than that in ordinary Port-
land cement. However, the efficiency of extrac-
tion process on releasing chloride in ordinary 
Portland cement paste and in fly ash cement paste 
was similar; and their efficiency was both much 
greater than that in the blast furnace slag cement 
paste. Moreover, with nearly the same content of 
aluminum oxide, the removal of binding chloride 
in the fly ash cement paste was remarkably higher 
than that in the blast furnace slag cement paste. 
This occurrence may relate to the difference on 
hydration mechanisms of slag cement and fly ash 
cement where fly ash with rather low content of 
calcium oxide performs as a pozzolanic admixture, 
meanwhile blast furnace slag acts as a cementitious 
material, theoretically.

3.2 Portlandite content

The variation of Portlandite content versus 
the application time of the current is shown in 
Figure 9.

For ordinary Portland cement, during the appli-
cation of current, the Portlandite content gradu-
ally increased. A similar trend was observed in 
the fly ash cement pastes, except the first week of 
application. Nevertheless, in the blast furnace slag 
cement paste the Portlandite content increased in 

Figure 6. Water-soluble chloride content in cement 
pastes versus time of extraction.

Figure 7. Binding chloride content in cement pastes 
versus time of extraction.

Figure 8. X-ray diffraction results on cement pastes 
before and after 8 weeks extraction.
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the first week of extraction process, but afterwards 
followed by the slight reduction.

The difference in tendencies of variation of the 
ordinary Portlant cement and the fly ash cement 
pastes with the slag cement paste may concern to 
the alteration of their hydrated products during 
the application of current and the vulnerability 
of their hydrated products under the change of 
surrounding environment.

3.3 Alteration of C-S-H phases

Alteration of C-S-H phases after the current appli-
cation also affects not only to the binding capacity 
of cement pastes but also its microstructure. They, 
in turn, impact to the diffusivity and stability of 
structure against the surrounding environment. 
Therefore, SEM and EDS were employed to inves-
tigate the alteration of C-S-H due to the applica-
tion of electrical direct current.

For the ordinary Portland cement paste and 
the fly ash cement paste, before the extraction was 
applied the ratio of C/S gel phase in C-S-H phase 
mostly varied from 1.9 to 2.4 and 1.5 to 1.9 as 
shown in Figures 10 to 12. There were also some 
chances to meet the gel but the C/S ratio out of 
their values. After 8-week extraction for the ordi-
nary Portland cement paste, there were some occa-
sions to catch the gel that the C/S ratio was lower 
than its own original, 1.2 to 1.5; however, it was 
very easy to capture the gel that morphology was 
analogue to C-S-H gel but the C/S ratios were unu-
sually greater, from 5 to 11 as shown in Figure 13.

For the fly ash cement paste, the trend was simi-
lar to the case of ordinary Portland cement paste. 
After 8-week extraction, the gel phase with the 
ratio C/S of 0.8 to 1.4 was captured. Simultane-
ously, the gel that morphology resembled to C-S-H 

Figure 9. Portlandite content in paste specimens versus 
time of extraction.

Figure 10. Bulk phase of Portlandite (points 1, 2 
and 6), morphology of C-S-H gel phase with high C/S 
ratio (point 3 C/S = 2.4, point 4 C/S = 2.1, and point 5 
C/S = 2.5) and EDS result at point 4 of OPC paste before 
extraction.

Figure 11. Morphology of C-S-H gel phase with low 
C/S ratio (point 1 C/S = 1.87, point 2 C/S = 1.81, and 
point 3 C/S = 2.03) and EDS result at point 2 of OPC 
paste before extraction.
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gel but with remarkably higher C/S ratios, was also 
caught; their C/S ratios varied widely from 3.5 to 9 
as shown in Figures 14 and 15.

It should be noted that, the probability to cap-
ture gel with lower C/S ratio in the fly ash cement 
paste after 8-week extraction was greater than 
the gel with unusually high C/S ratio. Moreover, 
unlikely in the case of ordinary Portland cement 
paste, where there was no occurrence of silicon 
species that corresponded proportionally to the 
high C/S ratio gel, in fly ash cement paste some 
gels with high S/C ratio were captured after the 
extraction was conducted for 8 weeks as points 2 
and 4 shown in Figure 15. However, it is uncertain 
to have a conclusion whether the high S/C gel was 
products of the alteration during extraction appli-
cation or it was the remains of fly ash particles 
when it was found in both cases, before and after 
extraction.

In comparison to the ordinary Portland cement 
and the fly ash cement pastes, the C-S-H gel phase 

Figure 12. Morphology of C-S-H gel phase (point 1 
C/S = 1.02, point 2 C/S = 1.92, point 3 C/S = 1.6, and 
point 4 C/S = 1.53) before extraction of FA paste.

Figure 13. Gel phase of OPC paste after 8-week extrac-
tion (Up: point 1 C/S = 1.3, point 2 C/S = 2.1; Down: 
point 1 C/S = 8.2, point 2 C/S = 8.5, points 3 and 4: Port-
landite, point 5 C/S = 5.3, and point 6 C/S = 11.2).

Figure 14. Gel phase of fly ash cement paste after 
8-week extraction (Up: points 1 and 2: Portlandite, point 3 
C/S = 1.3, and point 4 C/S = 0.92; Down: points 1, 2 and 3: 
Portlandite, point 4 C/S = 8.9, and point 5 C/S = 8.5).
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Figure 15. Gel phase with high S/C ratio (point 2 S/C = 
8.8 and point 4 S/C = 5.1) in fly ash cement paste after 
8-week extraction (point 1 C/S = 1.37, point 3 C/S = 0.89, 
point 5 C/S = 1.2). Figure 16. Morphology of C-S-H gel phase of BFS (Up: 

point 1 C/S = 1.25, point 2 C/S = 1.10, point 3 C/S = 1.87, 
point 4 C/S = 1.18, point 5 C/S = 1.26, and point 6 
C/S = 1.11; Down: point 1 C/S = 1.81, point 2 C/S = 1.03, 
point 3 C/S = 0.99, point 4 C/S = 1.04, point 5 C/S = 1.11, 
point 6 C/S = 0.85, and point 7 C/S = 1.63) and EDS result 
of point 2 on the down figure before extraction.

in the blast furnace slag cement paste was rather 
consistent in both cases, before extraction and 
after the application was conducted for 8 weeks.

Before extraction, the C/S ratios of C-S-H gel 
phase mostly varied from 1.0 to 1.4, as shown in 
Figure 16. It was rarely existent of the C-S-H gel 
with the C/S ratio greater than 1.8. After the extrac-
tion was applied for 8 weeks, the morphology of 
C-S-H gel in the blast furnace slag cement paste was 
mostly unchanged as shown in Figure 17. However, 
it was likely as in the other cases, there were few 
cases that the gel resembled to C-S-H gel but the 
C/S ratio was very high as shown in Figure 18.

It is interesting to note that, the probability to 
capture the gel with remarkably high C/S ratio 
after 8-week extraction in the blast furnace slag 
cement paste was considerably low, it was much 
lower than the chance to meet that gel in the cases 
of the ordinary Portland cement and the fly ash 
cement pastes. Furthermore, the C/S ratio in this 
case was much greater than that in the ordinary 
Portland cement and the fly ash cement pastes, it 
mostly varied from 10 to 50; there were very few 
occasions to capture the gel with C/S ratio was 
approximately 5. Therefore, it can be considered to 
be small crystal of Portlandite.

Figure 17. Morphology of C-S-H gel phase of BFS 
(Up: point 1 C/S = 1.26, point 2 C/S = 1.13, point 3 
C/S = 1.26, point 4 C/S = 0.94, and point 5 C/S = 1.18; 
Down: point 1 C/S = 1.60, point 2 C/S = 1.07, point 3 
C/S = 0147, point 4 C/S = 1.14, and point 5 C/S = 2.27) 
after 8-week extraction.
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4 CONCLUSIONS

Electrochemical chloride extraction is an efficient 
method to release chloride ions from the pastes, 
especially water-soluble chloride ions. It can remove 
approximately 50% of acid-soluble chloride ions.

There was no significant differences in reduc-
tion of acid-soluble chloride content of the ordi-
nary Portland cement paste and the fly ash cement 
paste, 53% and 48%, respectively. However, the 
reduction of chloride content in the blast furnace 
slag cement paste was rather low, only approxi-
mately 30%. It was interesting that the reduction 
of binding chloride in the fly ash cement paste was 
greater than that in the ordinary Portland cement 
and the blast furnace slag cement pastes.

Portlandite content in the ordinary Port-
land cement and fly ash cement pastes gradually 
increased during extraction. Nevertheless, in the 
blast furnace slag cement paste it slightly reduced 
after increasing in the first week of extraction.

The alteration or even the decomposition of 
C-S-H gel phases in these three popular types of 
binder was inevitable due to the long application 
of electrical current. However, it seems that C-S-H 
gel phase in the blast furnace slag cement paste 
showed a more stable than that in the ordinary 
Portland cement and the fly ash cement pastes 
when they suffered the same quantity of electric 
current passed through.
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Study on possibility of estimation of chloride content in coastal 
reinforced concrete structures using electromagnetic waves

J. Nojima, M. Uchida & T. Mizobuchi
HOSEI University, Tokyo, Japan

ABSTRACT: In this study, as an evaluation method of estimation of chloride content using the elec-
tromagnetic wave, the relationship between content of chloride ions and the conductivity, which directly 
influences the attenuation of the reflected waveform of the electromagnetic wave based on the attenuation 
equation derived from the Maxwell’s wave equation, was investigated in the laboratory and the applicabil-
ity was verified in existing structures. As the results of applications to six existing structures which were 
different from used materials, conditions of mix proportion, environmental conditions and the service 
life, etc. using this proposed equation, it was confirmed that this estimation equation was possible to 
deduce the average chloride content in the cover concrete from the concrete surface to the position of 
reinforcement.

increasing chloride contents in concrete. It has 
been reported that electromagnetic waves method 
is possible to estimate the progress of deterioration 
by attack of chloride ions in concrete structures. 
But, the attenuation of the reflected waveform of 
the electromagnetic wave changes by many fac-
tors such as the kind of cement, temperature and 
humidity in concrete and roughness of concrete 
surface besides content of chloride ions.

In this report, as an evaluation method of esti-
mation of chloride content using the electromag-
netic wave, the relationship between content of 
chloride ions and the conductivity, which directly 
influences the attenuation of the reflected wave-
form of the electromagnetic wave based on the 
attenuation equation derived from the Maxwell’s 
wave equation, was investigated in the labora-
tory and the applicability was verified in existing 
structures.

2 FORMULATION OF ESTIMATION 
EQUATION OF CHLORIDE CONTENT 
USING ELECTROMAGNETIC WAVE

When the electromagnetic wave occurred to sinu-
soidal vibration in single angular frequency ω is 
assumed as one dimensional wave equation, it is 
possible that electric field E and magnetic field 
H are shown using the wave equation (1) in the 
following.

∇ − = ∇

( )
2 2 2 2

2 0 5
0+ =∇2 +k− E = ∇2 22

k j= ( 2

, ,∇ 0∇ +∇
.2 μ ωj− μσ ))ωω  (1)

1 INTRODUCTION

Reinforcement corrosion caused by the presence 
of chloride ions around the reinforcing bars has 
been identified as one of the major causes of dete-
rioration of concrete structures. The chlorides 
could find their way to concrete either as part of 
constituent materials when sea sand is used, or, by 
gradual permeation and diffusion as in the case of 
marine structures, or, cases where deicing salts are 
used to melt away snow on highways, etc.  However, 
a definite understanding about any corrosion of 
reinforcement is very difficult unless corrosion 
induced cracks appear on the surface. In order 
to detect the deterioration caused by the chloride 
ions in an early stage, it is implemented generally 
to investigate chloride contents within concrete by 
carrying out chemical analysis using cores drawn 
from the RC structure. But, the method for car-
rying out to the chemical analysis using drawing 
cores not only gives damage partially to the con-
crete structure, but also is only to obtain result 
of analysis at the position of the drawn cores. In 
addition, drawing cores to estimate the chloride 
contents in concrete could not make it possible to 
investigate the changes in chloride contents over 
time at exactly the same place.

Thus, development of truly non-destructive 
tests to estimate the chloride contents in concrete 
could make it possible to investigate the changes 
in chloride concentration over time at exactly the 
same place, without having physically approach 
the structure, or causing any damage. From past 
studies, it was confirmed that the amplitude 
value of the electromagnetic waves decreases with 
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where, k = propagation coefficient; ε = per-
mittivity (F/m); μ = magnetic permeability 
(H/m); σ = conductivity (S/m); and j = complex 
number.

In the propagation coefficient, the imaginary 
shows the attenuation coefficient which gradually 
attenuates with the propagation of  electromag-
netic wave. The electromagnetic wave attenuates 
at the short propagated distance, as this attenua-
tion coefficient is bigger. Moreover, this attenua-
tion coefficient changes by the angular frequency 
and the conductivity, because the magnetic per-
meability is 1.0 on this attenuation coefficient 
in case of  the dielectric like concrete. Therefore, 
the attenuation of  the electromagnetic wave at 
some frequencies is occurred with change of  the 
conductivity.

In equation (1), when plane wave with polar-
ized wave in the x direction is propagated in the 
z direction, the electric field is shown by following 
equation.

E xE ExE ( )jkj( )k ( )z−��E ( )jkj0 0EEE ( )j exE)jkzj = xE0xEE)jkzjj = xE xp z jz j z  (2)

where, the imaginary β = the phase coefficient; and 
the real part α = the attenuation coefficient.

α and β are approximated by the following 
equation (3) as the value of σ/ωε shown at the ratio 
of displacement current and conductive current 
becomes smaller than 1.0 in case of the dielectric 
medium like concrete through the electromagnetic 
wave (relative permittivity is 4 to 12 and frequency 
is about 1.0 GHz). Where, the imaginary β is the 
phase coefficient and the real part α is the attenu-
ation coefficient.

α σ μ
ε

β ω με≅ ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠2

,  (3)

In equation (2), the value of  the electric field 
in electromagnetic wave is shown in attenuation 
equation of  equation (4) and the electromag-
netic waveform attenuates at the short propa-
gated distance, as the attenuation coefficient is 
bigger because the electromagnetic waveform is 
exponentially decreased with advancing in the z 
direction.

E E E
z

E ( ) ⎛

⎝

⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠00EEE ( )
2

exp(− 0( ) p σE −
⎛

⎝⎜
⎛⎛

⎝⎝
eeEzz E0EE)z E xp μ

ε
 (4)

In equation (4), the characteristics of the elec-
tromagnetic wave attenuation in the medium like 
 concrete is determined by the change of conduc-
tivity, permittivity and distance from the antenna 
of the radar, because the magnetic permeability 

in concrete does not change as the electric field is 
fixed.

In the past studies, it was confirm that there was 
high correlation in the relationship between the 
value of the electric field shown in the equation 
(4) and the value of the amplitude of the electro-
magnetic wave radar in aqueous solution in which 
the concentration of sodium chloride changed. 
Then, on the basis of equation (4), the relationship 
between amplitude values output from the electro-
magnetic wave radar and the conductivity, permit-
tivity and distance from the antenna of the radar 
which are the characteristic of the electromagnetic 
wave attenuation above mentioned, is shown in 
equation (5). Where, permittivity and perme-
ability are shown at dielectric constant and relative 
permeability.

Α Αw c Α { }t w ca z− ⋅ ( )r ⋅ζ δc t ca ⋅( r0 exp  (5)

where, Αw  = the output amplitude value of the 
electromagnetic wave radar; ζ  = the attenuation 
coefficient with transmission and reflection of elec-
tromagnetic wave; δcδ  = the influence coefficient on 
type of cement; Α0  = the peculiar input amplitude 
value in the electromagnetic wave radar; ξtξξ  = the 
conductivity correction factor which is determined 
from the concrete temperature; κ w  = the conduc-
tivity correction factor which is determined from 
relative humidity in concrete; σ ca = conductivity 
of concrete (S/m), εrε  is dielectric constant of con-
crete; and z = the propagated distance in the loss 
medium.

In equation (5), as the dielectric constant is 
about 81 for seawater while the dielectric constant 
is about 80 for fresh water, the dielectric constant 
hardly changes to the concentration of  sodium 
chloride in aqueous solution. Therefore, the out-
put amplitude value of  the electromagnetic wave 
radar with changes in chloride content in the con-
crete is obtained from the conductivity of  concrete 
and the distance of  cover concrete in equation 
(5). In other words, it is possible to estimate the 
conductivity of  the concrete using equation (6) 
from the temperature, the relative humidity, the 
dielectric constant, the output amplitude value of 
the electromagnetic wave radar and the distance 
of  cover concrete in the investigation objective 
portion.

σ
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 (6)

where, c = the cover concrete (mm).
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It is possible to estimate the content of chlo-
ride ions in the investigation objective portion by 
obtaining the relationship between the content of 
chloride ions and the conductivity of concrete cal-
culated from equation (6).

3 EACH INFLUENCE FACTOR IN 
CALCULATION OF CONDUCTIVITY 
OF CONCRETE

In order to calculate the conductivity of concrete, 
it is necessary to obtain each coefficient in the 
 equation (6). The coefficient of each factor pre-
scribed from the test results in the laboratory is 
mentioned to the following.

3.1 Coefficient affecting to amplitude 
value of electromagnetic wave

In this study, the commercially available electromag-
netic wave radar was used because it was expected 
that the electromagnetic wave radar of handy-type 
was used when considering the working efficiency 
and versatility in existing structures. In that case, 
the electromagnetic wave radiates in the air once 
from the output antenna of the radar, and after 
that is incident on other medium  (concrete) from 
the air and after reflecting the electromagnetic 
wave by interfacial boundary with the different 
medium (reinforcing bar), the part of the electro-
magnetic wave penetrates through the medium. In 
this study, the synthesized scattering permeation 
coefficient which considered the transmittance at 
the boundary surface and the reflectivity from the 
reinforcing bar of the electromagnetic wave when 
being incident vertically to concrete from the air is 
established. The transmittance of the electromag-
netic wave at the boundary surface with in the air 
and concrete (incidence and reflection) is calcu-
lated using the following equation.

�T z
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⎜
⎛⎛

⎜⎝⎝
⎜⎜

⎞

⎠
⎟
⎞⎞

⎟⎠⎠
⎟⎟ +

⎧
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0 5

2
1

1
1r

r
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.  (7)

where, z0 = the wave impedance (= 377Ω).
On the other hands, the attenuation ratio of 

each cover of concrete about the reflection from 
the reinforcing bar was obtained when carrying out 
to the measurement of the electromagnetic wave 
using test specimens different in the cover of con-
crete and making the amplitude value at the 70 mm 
cover of concrete the standard. The relationship 
between the cover of concrete and the attenuation 
ratio is shown in Figure 1 and the regression equa-
tion is shown in the following.

Figure 1. Relationship between cover concrete and 
attenuation ratio.

Photograph 1. The degree of roughness of concrete 
surface.

= − × +−2 7 10 1 183. .× +7 0 1  (8)

The attenuation coefficient with the penetration 
and the reflection of the electromagnetic wave is 
shown in the following equation where influences 
of both of the equation (7) and (8) are considered 
as well as the degree of roughness of concrete sur-
face is also considered.
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 (9)

where, ν  = the coefficient which shows the degree 
of roughness of concrete surface.

When concrete surface is in the state as shown in 
Photo 1 in existing structure, the output amplitude 
value is reduced using the coefficient ν  based on 
the result of the laboratory test respectively.

The influence coefficient on difference of  the 
kinds of  cement was obtained from the result of 
the measurements of  the electromagnetic wave 
using concrete specimens in which chloride con-
tent 1.2 kg/m3 was mixed beforehand about the 
normal portland cement, the blast furnace slag 
cement type B and the fly ash cement type B. As 
the result, while the amplitude value was simi-
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lar mostly even if  the cover of  concrete changed 
into normal portland cement and the blast fur-
nace slag cement type B as shown in Figure 2, 
the value of  the fly-ash cement type B was bigger 
about 20% than other cement. It seems that the 
conductivity falls because of  decrease of  various 
ions content in pore solution of  concrete due 
to the absorption of  fly ash. From the results 
shown in Figure 2, the value of  output ampli-
tude was set to 0.8 times to concrete using fly 
ash cement.

3.2 Correction coefficient of conductivity 
by concrete temperature

On the influence of concrete temperature, the 
measurement of electromagnetic wave was carried 
out using the test specimens which changed the cur-
ing temperature up to 5°C–30°C and from which 
cover concrete was different. From the results, the 
correction coefficient of conductivity by concrete 
temperature was calculated as the basis on the 
result of the case of 20°C curing temperature and 

70 mm cover concrete. Figure 3 shows the rela-
tionship between the correction coefficient and 
concrete  temperature. As shown in Figure 3, as 
the correction coefficient was only dependent on 
changes of the curing temperature without regard 
to cover concrete, the correction efficient of tem-
perature was calculated using equation shown in 
the following.

ξtξξ = 1 04 1× 0 0T +− 772. .04 1× 0 0T +  (10)

where, T = concrete temperature (°C).

3.3 Correction coefficient of conductivity 
by relative humidity in concrete

On the influence of  relative humidity in concrete, 
the correction coefficient was calculated based on 
the amplitude values in relative humidity 60%RH 
from the results of  measurements that hygrom-
eters were embedded in the test specimens from 
which water cement ratio was different and meas-
urements of  the electromagnetic waves were car-
ried out in the thermostatic chamber in relative 
humidity 60%RH after curing in water. Figure 
4 shows the relationship between the correction 
coefficient and relative humidity of  concrete. As 
shown in Figure 4, as the correction coefficient 
was only dependent on changes of  the relative 
humidity of  concrete without regard to water to 
cement ratio, the correction efficient of  tempera-
ture was calculated using equation shown in the 
following.

κ w RH= × × +−7 18 1× 0 7× −RH− 95 1010 3 194 2RH× RHRH 2. .18 1× 0 7RH× RH .

 (11)

where RH = relative humidity (% RH, 60 ≤ RH ≤ 90).
Figure 2. Relationship between cover concrete and 
amplitude value in each kind of cement.

Figure 3. Relationship between concrete temperature 
and change ratio in each cover concrete.

Figure 4. Relationship between relative humidity and 
change ratio in each water to cement ratio.
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4 RELATIONSHIP BETWEEN 
CONDUCTIVITY OF CONCRETE 
AND CONTENT OF CHLORIDE IONS

4.1 Estimation from experimental 
results in laboratory

Using the equation (6) which is estimation equa-
tion of the conductivity of concrete and each cor-
rection coefficient calculated from the equation (7) 
to the equation (11), in the concrete specimens in 
which mixed content of chloride ions were varied 
from 0 kg/m3 to 5.93 kg/m3 as shown in Figure 5, 
the estimation of the conductivity of concrete was 
compared with content of chloride ions. The con-
crete specimens made water to cement ratio to be 
50% using the blast furnace slag cement type B. For 
measurement of electromagnetic waves, the equip-
ment with specifications as given in Table 1 was 
installed on the specimen. Measurements of the 
electromagnetic waves were carried out in the ther-
mostatic chamber of relative humidity 60%RH in 
20°C. The relationship between the estimated con-
ductivity of concrete and content of chloride ions 
is shown in Figure 6. As shown in Figure 6, the 
estimated conductivity of concrete in which con-
tent of chloride ions was 0 kg/m3 was 0.08 (S/m) 
which was almost similar to the value in the past 
study. Though, the conductivity of concrete was 
varied widely, the content of chloride ions tended 
to increase with increase in the conductivity of 
concrete. The regression coefficient was 0.843 
and there was a high correlation relatively both of 
them. The relationship between the conductivity of 

concrete and the content of chloride ions is shown 
in the following.

WclWW c= 114 1 8− 38.c 8c.1σ  (12)

where, Wcl = content of chloride ions (kg/m3).

4.2 Estimation from field survey

The estimation of content of chloride ions using 
the electromagnetic waves was carried out in the 
six power plants from 2010. Until now, drawn cores 
were collected from more than 60 positions as well 
as the measurements of electromagnetic wave were 
carried out around the drawn cores. The surveyed 
points were upper surface and side face of the slab 
featuring the piers. The number of years of service 
life had almost passed for more than 10 years and 
there was also the member which has passed for 
more than 50 years among them. In most of the 
members in the investigation object, normal port-
land cement and fly ash cement were used. Water 
to cement ratio was applied to 40% to 60%.

Based on the conditions above mentioned, the 
conductivity of concrete was calculated. However, 
concrete temperature was ambient temperature of 
the day in survey field and the relative humidity 
was 90%RH by making the assumption that the 
desiccation into concrete was little. The results 
compared with the chemical analysis of content 
of chloride ions drawn cores (total content of 
chloride ions) and estimated conductivity of con-
crete show in Figure 7. As the results of chemical 
analysis were total content of chloride ions and the 
conductivity of concrete was the estimation to ions 
in the pore solution, the total content of chloride 
ions which was converted into the soluble content 

Figure 5. Test specimen.

Table 1. Specifications of electromagnetic wave 
measuring equipment.

Item Specifications

Radar frequencies 1.0 GHz
Measurement method Impulse method
Transmission voltage 17Vp-p (at load 50 Ω)
Horizontal resolution 80 mm

Figure 6. Relationship between conductivity of con-
crete and content of chloride ions in laboratory.

ICCRRR15_Fullpaper_Book.indb   37ICCRRR15_Fullpaper_Book.indb   37 8/27/2015   9:07:58 AM8/27/2015   9:07:58 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-7&iName=master.img-005.jpg&w=189&h=82
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-7&iName=master.img-006.jpg&w=189&h=154


38

of chloride ions with references in the past studies 
was used.

As shown in Figure 7, the content of chloride 
ions increased with the increase in the conductivity 
of concrete, though the calculations of conductiv-
ity of concrete were varied widely as well as the cal-
culation results in the laboratory. The correlation 
coefficient was 0.790. The relationship between the 
conductivity of concrete and the content of chlo-
ride ions is shown in the following.

WacWW l c= 67 5 1− 88.c 1cc  (13)

where, Wacl = content of chloride ions in field sur-
vey (kg/m3).

From the equation (13), it was possible to esti-
mate the average content of chloride ions in cover 
concrete in the non-destruction using environmen-
tal conditions and measurement results by electro-
magnetic wave in the field survey.

5 CONCLUSIONS

In this study, the relationship between content of 
chloride ions and the conductivity, which directly 
influences the attenuation of the reflected wave-
form of the electromagnetic wave based on the 

attenuation equation derived from the Maxwell’s 
wave equation, was investigated and the estimated 
equation incorporated the factors which affect 
the estimation of the content of chloride ions as 
influence coefficient was suggested. This proposed 
equation was applied to 6 existing structures in 
which used materials, conditions of mix propor-
tion, environmental conditions, and number of 
years of service life differed, and the estimation 
using this proposed equation was compared with 
results of chemical analysis of content of chlo-
ride ions. As the results, it was possible to find the 
availability of estimating the average content of 
chloride ions in cover concrete from the estimated 
equation proposed in this study.

For the future, the estimation method of con-
tent of chloride ions at the reinforcing bar will be 
also investigated, while the estimation accuracy of 
the content of chloride ions in concrete using the 
electromagnetic waves is improved.
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ABSTRACT: Alkali-Silica Reaction (ASR) is a durability problem that affects numerous concrete 
structures worldwide. As the reaction progresses, it might lead to deleterious expansion and cracking. The 
addition of lithium into fresh concrete is already acknowledged as a preventive method. In existing struc-
tures, however, lithium would need to be driven into the concrete and the most effective way is through 
ionic migration. For migration to occur in reinforced concrete, power is supplied between an external 
electrode and the rebar. If  the reinforcement is the cathode, it attracts positive ions, such as lithium ions. 
Several studies have been conducted on the use of lithium migration as a treatment for ASR. Nevertheless, 
so far, there is no agreement on the conclusions. It is necessary to better understand this process order to 
develop a possible treatment against ASR. In this work, a preliminary investigation on lithium migration 
into mortar specimens with embedded cathode is presented.

For the past 20 years, numerous authors have 
investigated lithium migration into ASR affected 
concrete (e.g Page 1995, Whitmore & Abbot 2000, 
Thomas & Stokes 2004, Santos Silva et al. 2008, 
Pacheco & Polder 2010, Bentivegna et al. 2011, Liu 
et al. 2011, Ueda et al. 2013, Lizarazo-Marriaga 
et al. 2014). However, it is still necessary to fully 
understand the principles of lithium migration and 
document its effect on ASR affected concrete. It is 
known that the use of the reinforcement as elec-
trode might bring deleterious effects, such as loss 
of bond strength between rebar and changes in the 
pore structure, depending on the level of current 
(Bertolini et al. 2013). In this paper, preliminary 
results on the experimental study of lithium migra-
tion with embedded cathode is presented.

2 EXPERIMENTAL

2.1 Material and specimens preparation

Mortar cylinders (diameter of 98 mm and 60 mm 
of height) were cast with a titanium mesh at 10 mm 
from one of the surfaces, as shown in Figure 1. 
The mesh was embedded to represent the situation 
when a reinforcement bar would be used as cath-
ode in a structure under treatment.

The mortar mixture had a water to cement 
ratio of 0.5 and sand to cement proportion of 3:1. 
Portland cement type CEM I 42.5 N, standard 

1 INTRODUCTION

Concrete structures worldwide are affected by a 
degradation mechanism known as Alkali-Silica 
Reaction (ASR). Hydroxyl and alkali (sodium and 
potassium) ions react with siliceous components 
present in reactive aggregate, forming a hygroscopic 
gel. As the ASR gel absorbs water from the pore 
solution, it expands. As the process progresses, it 
leads to deleterious expansion and cracking of the 
concrete element. Even though the reaction is not 
completely understood, there are several preven-
tive methods against it, such as the use of supple-
mentary cementitious materials or lithium-based 
admixture. On the other hand, if  the reaction is 
detected in an existing structure, currently, there 
are no definite treatments.

The addition of lithium ions to the reactive 
concrete mixture leads to the formation of a non-
expansive ASR gel (McCoy & Cadwell 1951, Feng 
et al. 2010). In hardened concrete, those ions need 
to be transported into de cementious matrix and 
migration is the most effective technique. (Thomas 
et al. 2007, Santos Silva et al. 2008). Migration is 
the ionic transport mechanism where the driving 
force is an electric field, formed between electrodes 
immersed in electrolyte solutions. In cementious 
materials, the pore solution functions as electrolyte 
and reinforcement is commonly used as one of the 
electrodes.
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sand with Dmax of 2.00 mm (according to EN 196 
1:2005) and deionized water were used. The speci-
mens were cured in the fog room for 36 days.

2.2 Experimental procedure

Lithium migration test was performed in a set-up as 
shown in Figure 2. Each specimen was positioned 
between two chambers—one with LiOH solution 
(4.9 M) and another that remained empty, work-
ing only as support for the specimen. The chamber 
with electrolyte received a titanium electrode that 
worked as anode. The embedded titanium mesh in 
the specimens were the cathode. Once an electric 
potential was applied between the electrodes by 
means of a power source, cations moved towards 
the cathode while anions were attracted towards 
the anode. Two types of cell were used. They were 
identical, except for the presence of ventilation 
holes in the type I, as shown in Figure 3.

Specimens were tested during four or eight 
weeks, under 15 or 25 V. Current and anolyte tem-
perature were continuously monitored. Cell electri-
cal resistance was measured with a multimeter at 
120 Hz, in resistance mode. Resistivity was calcu-
lated by Equation 1 below:

ρ = R L* /A  (1)

where R = the electrical resistance (Ω); A =  specimen 
surface area (m2); L = specimen thickness (m).

Anolyte pH was measured with pH test strips 
and samples were collected throughout the experi-
ment and analysed by Inductively Coupled Plasma 

Figure 1. Specimen with embedded titanium mesh (top 
side).

Figure 2. Diagram of the experimental set-up.

Figure 3. Ventilated cell—type I (a) and non-ventilated 
cell—type II (b).
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(ICP), in order to obtain the concentration of 
sodium, potassium and lithium and calcium.

2.3 Results and discussion

Current density plots are shown in Figure 4. The 
cells under 25 V exhibited rapid increase in cur-
rent density in the first hours, reaching a maxi-
mum value in less than 12 hours. Same behaviour 
was noted by other authors (Pacheco & Polder, 
2010; Liu et al. 2011). After that, the current den-
sity dropped steadily until about day 30, when 
it stabilized until the end of  the experiment. In 
the cells under 15 V, on the other hand, the cur-
rent density decreased from the beginning of  the 
experiment. When comparing the cells under the 
same level of  voltage, it can be noted that cells in 
the set-up type II presented higher current density 
than those in the set-up type I—and the difference 
was more pronounced when the applied voltage 
was higher.

When observing the anolyte temperature behav-
iour of all cells in Figure 5, it can be observed that 

the temperature in set-ups type I were lower than 
those in the other cells. This happened most likely 
due to the presence of ventilation holes in ring 
around the specimen. Lower temperatures lead to 
higher resistivity values and, finally, to lower cur-
rent densities. It is important to highlight the fact 
that from day 14 until day 20, the cell LiOH 4.9 
M (8 w. 25V I) did not have its anolyte tempera-
ture measured due to problems with the tempera-
ture sensor. The differences between set-ups type I 
and II can also be observed in passing charge val-
ues, shown in Table 1. Nevertheless, the cells under 
higher voltage for longer exhibited higher charge, 
as expected.

The cell electrical resistivity values during the 
experiment are shown in Figure 6. Initially, the 
cells presented average resistivity of  35.0 (± 1.4) 
Ω⋅m. All cells exhibited increasing resistivity until 
the end of  the experiment. The ones tested for 
8 weeks showed a somewhat constant value after 
4 weeks, as it was observed in the case of  current 
density. At the end of  the experiment, the current 
was turned off  and resistance was again measured 
after 24 hours. Interestingly, the resistivities did 
not return to the initial values,  indicating that the 

Figure 4. Current density plots.

Figure 5. Temperature behavior during experiment.

Table 1. Charge through the specimens 
during experiment.

Cells Charge (kC)

LiOH 25V 4w (I) 123
LiOH 25V 4w (II) 159
LiOH 25V 8 w (I) 186
LiOH 25V 8w (II) 253
LiOH 15V 4 w (I)  88
LiOH 15V 4w (II) 103
LiOH 15 V 8w (I) 138
LiOH 15V 8w (II) 172

Figure 6. Resistivity variations during test.
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variations during the experiment were not a mere 
artefact due to temperature, as seen in other work 
(Souza, 2015). This indicates that there were, in 
fact, irreversible changes in the microstructure of 
the specimens and/or in the pore solution com-
position. One possibility is that the production 
of  H2 on the titanium mesh in the specimens, due 
to cathodic reaction (Equation 2), lead to devel-
opment of  pressure that resulted in local debond-
ing. Further investigation is planned in order to 
determine the nature of  those changes. Varia-
tions in pH in anolyte are related to the anodic 
reaction, shown in Equation 3. Nevertheless, due 
to the high buffer capacity of  the initial solution, 
the pH remained 14 throughout the test for all 
cells.

2 22 2H O2 e O22 H H22e O2 H  (2)

2 1
22 22

OH H O O e22O 2− −H O O 2→ +2H O2  (3)

Figures 7–10 show the chemical composition of 
the anolytes during the experiment. Sodium, potas-
sium and calcium ions leached from the specimen 
by simple dissolution for the first few hours while 
lithium ions left the anolyte through migration 
into the specimen. As expected, more lithium ions 
were removed from anolyte when higher voltage 
was applied. Chemical analyses of the specimens 
is foreseen.

3 CONCLUDING REMARKS

Preliminary results indicate that by applying higher 
voltage it is possible to drive more lithium ions into 
the specimen, as expected. However, that voltage 
should be limited. Studies have shown that high 
current density levels (above 10 A/m2) might lead 
to changes of the microstructure of concrete and 
debonding of the reinforcing steel used as electrode 
(Bertolini et al., 2013). Even though it is not yet 

Figure 7. Potassium concentration in anolyte.

Figure 8. Sodium concentration in anolyte.

Figure 9. Calcium concentration in anolyte.

Figure 10. Lithium concentrate ion in anolyte.
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possible to determine the cause of the irreversible 
increase in resistivity during the experiment, those 
results indicate that the magnitude of this effect 
depends on the applied voltage. Therefore, when 
using this technique as treatment against ASR, it 
is necessary to find the current density level that 
would lead to the necessary lithium penetration 
without causing damage to the concrete element.

This work is still in progress. Other tests, such 
as obtaining lithium profile in the specimens, are 
still needed.
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ABSTRACT: Crack formation in cementitious materials is a common problem which highly  accelerates 
the ingress of water and aggressive substances. For most structures fast crack repair may be needed, 
 however, repair costs can be large and in some cases repair is impossible due to inaccessibility.  Autonomous 
crack healing by means of encapsulated polyurethane is a possible solution to increase the durability of 
structures. Water absorption tests on mortar prisms indicate that crack healing can reduce the water 
absorption of mortar by 50%. Visualization of the water profile inside the specimens by means of X-ray 
radiography shows that healed cracks can be either completely filled with polyurethane and block the 
water ingress into the crack completely or the polyurethane may not fill up the whole crack but seal the 
crack faces. In both cases it is clearly seen on the X-ray images that the water ingress into the mortar 
is significantly reduced. It can be concluded that autonomous crack healing by means of encapsulated 
 polyurethane has the potential to improve the durability of cementitious materials.

is cracked. Cracks can significantly accelerate 
ingress of water into the concrete matrix. Even 
very fine cracks can accelerate water absorption 
due to high capillary forces. Wang (2014) was one 
of the researches that performed water sorptivity 
tests on cracked concrete. In his research, three 
different load levels were used to compare water 
absorption of concrete cracked by different loads. 
He concluded that there was no clear monotonic 
increase of sorptivity with the load level. Possible 
better parameters to evaluate the effect of cracks 
on water ingress are crack width and crack depth.

As cracking of reinforced concrete cannot be 
completely prevented and manual crack repair 
holds multiple disadvantages, a lot of research has 
been done in the past few years in order to heal the 
cracks autonomously. Autonomous crack healing 
by the use of encapsulated healing agents embedded 
inside concrete is one of the promising approaches 
in the domain of self-healing (Van Tittelboom et al. 
2011). Encapsulation based self-healing materials 
sequester a healing agent inside discrete capsules. 
When a crack appears, the capsules break and the 
healing agent flows into the crack. One of the most 
important aspects of capsule based self-healing is 
the choice of the healing agent. A lot of different 
healing agents have been investigated already (Dry 

1 INTRODUCTION

Service life and durability of porous  cement-based 
materials has become a topic of great  importance 
because of the economic and ecological  implications. 
Penetration of moisture is one of the most impor-
tant damage mechanisms that could lead to the 
deterioration of building materials such as mortar 
and concrete. Water itself  is not really harmful for 
most building materials, but it commonly acts as a 
medium for the transport of aggressive substances 
when it penetrates into a porous material.

Some studies use permeability as an indicator 
for the ability of building materials to transport 
water (Aldea et al. 1999, Reinhardt & Jooss 2003, 
Wang et al. 1997). However, when concrete is only 
partly saturated, capillary absorption dominates 
the ingress of water at early times. As capillary 
absorption is the dominant mechanism for water 
uptake in most concrete structures, this will be the 
topic of this investigation.

Although the capillary water absorption of 
sound mortar and concrete has already been 
 studied in depth (Hall 1986, Hall 1987, Hall 1989, 
 McCarter et al. 1992), considering concrete in 
a perfect, uncracked state is usually not  realistic. 
In most cases the concrete used in structures 
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2001, Van Tittelboom 2012). Polyurethane is one 
of these agents with a lot of promising properties. 
It has the ability to expand upon reaction, which 
makes it possible to fill large crack volumes with 
little encapsulated pre-polymer. It is also very flex-
ible and available in a wide range of viscosities 
(Petrie 2007).

The efficiency of the healing mechanism to 
seal the crack autonomously can be investigated 
by a gravimetrical water absorption test. This 
method indicates the total amount of water that is 
absorbed after a certain amount of time. Although 
this is already useful information, the water pro-
file inside the specimen cannot be visualized with 
this method. Especially for cracked and healed 
concrete, it is necessary to understand the process 
of water transportation and the development of 
water distribution inside the sample. Moisture flow 
in porous materials can be visualized by electrical 
techniques, Nuclear Magnetic Resonance (NMR) 
spectroscopy (Rucker-Gramm & Beddoe 2010) or 
radiation attenuation techniques such as X-ray 
or neutron radiography (Roels & Carmeliet 2006, 
Cnudde et al. 2008, Zhang et al. 2010, Derluyn 
et al. 2013, Van Tittelboom et al. 2013, Dewanck-
ele et al. 2014). Among these methods, radiation 
attenuation techniques can provide the best accu-
racy and resolution. When an object is irradiated 
by an X-ray or neutron beam, the beam attenuates 
due to the interaction with the material and the 
transmitted intensity of the beam can be recorded. 
When a porous material is scanned in dry and wet 
state (before and after absorption of water), the 
images can be subtracted from each other to visu-
alize the water inside the sample. In this research, 
X-ray radiography is used to visualize the moisture 
uptake in cracked and healed mortar samples.

2 MATERIALS AND METHODS

2.1 Glass capsules

In order to carry the healing agent and trigger the 
healing action, cylindrical glass capsules were used 
similar to the capsules used by Van Tittelboom 
et al. (2011). Borosilicate glass tubes with an inter-
nal diameter of 3 mm and an outer diameter of 
3.35 mm were used. Due to their high brittleness, 
the capsules will easily break when the healing 
action needs to be triggered. The glass does not 
react with the healing agent inside and forms an 
airtight barrier for the agent.

2.2 Healing agent

A one component Polyurethane (PU) was used as 
healing agent. This polymer was developed within 
the framework of another project (SHEcon). The 

one component PU was preferred above multi-
component healing agents, because of the risk of 
incomplete mixing of the different components. 
The viscosity of the healing agent is very important 
regarding a good self-healing of cracks. On the one 
hand the viscosity needs to be low enough so that 
the healing agent is able to flow in the crack, on 
the other hand the viscosity must be high enough to 
make sure that it does not leach out of the crack too 
much and that it is not absorbed by the matrix. The 
viscosity of the pre-polymer is 6700 mPas at 25°C.

The pre-polymer of the healing agent was care-
fully injected into the glass capsules. First, the 
capsules were sealed with Polymethylmethacrylate 
(PMMA) at one end, then the capsules were filled 
with the pre-polymer of the healing agent by means 
of a syringe with a needle. Finally, the other ends 
of the capsules were also sealed with PMMA and 
the capsules were ready to be embedded inside the 
mortar samples.

2.3 Mortar samples

To determine the influence of cracks and the effi-
ciency of crack healing on the water absorption of 
mortar, samples with ordinary Portland cement 
mortar were prepared. A standard mortar mix was 
made with a composition according to EN 196-1. 
A mass ratio of 6:2:1 of aggregate-cement-water 
was taken, which gives a water-cement ratio of 
0.50. The aggregate in the standard mortar mix 
was sand with grain size 0–2 mm.

2.3.1 Samples without self-healing properties
Unreinforced prismatic mortar specimens with the 
following dimensions were cast in wooden forms: 
40 mm × 40 mm × 160 mm. For each series three 
samples were produced. For the uncracked refer-
ence samples, first the molds were partially filled 
with mortar. When this first layer was compacted 
on a vibration table, the molds were completely 
filled with mortar and vibrated again.

To create cracked mortar prisms, a non-destruc-
tive method was used to generate standardized 
cracks in mortar. An artificial crack was made by 
means of thin steel plates which were introduced 
into the fresh mortar upon casting and removed 
before complete hardening. The thin plates had 
a thickness of 300 μm. The crack depth was kept 
constant at 20 mm, which was half  the height of 
the mortar samples. The crack length was 40 mm, 
so that the cracks ran through the whole width of 
the mortar sample. The steel plates were placed 
on iron rods which were fixed above the molds by 
using magnetic bases (Fig. 1). Prisms with one, two 
and four cracks were made. For the prisms with 
multiple cracks, the intermediate distance between 
adjacent cracks was kept constant at 20 mm. 

ICCRRR15_Fullpaper_Book.indb   46ICCRRR15_Fullpaper_Book.indb   46 8/27/2015   9:08:12 AM8/27/2015   9:08:12 AM

  



47

When all the steel plates were positioned in the 
molds, the mortar was brought into the molds in 
the same way as for the uncracked samples.

After casting, all specimens were placed in 
an air-conditioned room with a temperature of 
20 ± 2°C and a relative humidity of at least 95%. 
After 24 hours, the metal plates were removed 
carefully and the prisms were demolded. Then, the 
prisms were stored under the same conditions until 
the age of 28 days.

An overview of the test series with their abbre-
viations and the area exposed to water during the 
absorption test is given in Table 1.

2.3.2 Samples with self-healing properties
Autonomous healing of cracks in cementitious 
materials by encapsulated polyurethane occurs 
by breaking of capsules, filled with healing agent, 
upon crack appearance. In this research standard-
ized artificial cracks by means of metal plates are 
used. Since the self-healing mechanism needs to be 
triggered at the moment that the crack appears, 
the PU filled capsules need to break at the moment 
when the plates are pulled out of the mortar sam-
ples. For that reason two holes with a diameter of 
3.5 mm were drilled into the thin steel plates. The 
capsules were then put into those holes, so that 
they would break when the plates are pulled out 
(Fig. 2).

Mortar prisms with one and two autonomously 
healed cracks were made (Table 1). For the prisms 
with one healed crack two capsules with a length 
of 30 mm were positioned on nylon threads so that 
the distance from the bottom and the sides of the 

prisms to the capsules is 10 mm. The intermedi-
ate distance between the capsules was then 20 mm. 
The capsules were glued on the nylon threads with 
PMMA to make sure they stay in the same posi-
tion when mortar is poured into the molds. For the 
mortar samples with two healed cracks, capsules 
with a length of 50 mm are used that run through 
both metal plates. The positioning of the capsules 
in the molds was the same as for the prisms with 
one healed crack and the distance between the two 
cracks was again 20 mm.

When the capsules and plates were positioned in 
the molds, the mortar was brought into the molds 
in the same way as for the other samples. So first 
a mortar layer of 10 mm was put in the molds and 
compacted on a vibration table. Then the molds 
were completely filled with mortar. After casting, 
the self-healing specimens were placed in an air-
conditioned room with a temperature of 20 ± 2°C 
and a relative humidity of at least 95%. They were 
demolded after 24 hours and stored in the same 
conditions until the age of 28 days. When the mor-
tar samples had reached the age of 28 days, the 
metal plates were pulled out of the mortar. This 
resulted in breakage of the capsules and triggering 
of the self-healing mechanism.

Figure 2. PU-filled capsules through steel plates.

Figure 1. Standardized artificial cracks—positioning 
of the steel plates.

Table 1. Overview of the test specimens.

Specimen 
type Abbreviation

Number 
of cracks

Area exposed 
to water (cm2)

Uncracked UNCR-A 0 64
UNCR-B 0  4

Cracked CR-1 1  4
CR-2 2  8
CR-4 4 16

Self-healing SH-1 1  4
SH-2 2  8
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2.4 Crack healing

When the glass capsules were broken due to pull-
ing out the thin metal plates in the specimens SH-1 
and SH-2, the polyurethane leaked into the crack 
and then hardened in the crack due to the expo-
sure to moisture in the air. The polyurethane needs 
at least 24 hours to harden completely inside the 
crack, so the self-healing prisms were stored for 
two days in a climate room at a temperature of 
20°C and a relative humidity of 60%.

2.5 Specimen preparation for absorption testing

Because the cracks in the mortar prisms are made 
by thin metal plates, the surface of the specimens 
that was not in contact with the formwork (troweled 
surface) is the test face during the absorption test. 
This surface is not perfectly flat and the outermost 
layer of this surface is usually more porous than the 
rest of the mortar. In order to exclude these effects, 
the outermost layer (approximately 1 mm) was cut 
off by water-cooled sawing. For the uncracked and 
cracked samples this was done at the age of 28 days, 
for the self-healing samples the layer was cut off  
after the healing took place, so after 30 days.

After removal of the outermost layer, the speci-
mens are brought to a low and even moisture level 
by drying them in an oven at 40 ± 2°C until con-
stant mass was achieved, according to the Euro-
pean standard NBN EN 13057. Constant mass was 
defined as a mass change of not more than 0.1% in 
24 hours. The drying process was necessary to give 
all specimens an even moisture level within a short 
time. If  the samples would not have been dried, the 
time to reach constant mass at a relative humid-
ity of for example 60% would have been several 
months (Rucker-Gramm & Beddoe 2010, Castro 
et al. 2011). The drying temperature should not 
be much higher than 40°C, because microcrack-
ing might occur around the aggregates due to dif-
ferential thermal expansion and contraction when 
mortar is exposed to higher temperatures. This 
microcracking would have a negative influence on 
the capillary water absorption.

To evaluate the water uptake of one or multiple 
cracks and the efficiency of the self-healing it is neces-
sary that only a small zone around each crack is sub-
jected to water during the absorption test. Therefore, 
the sides of the samples were partly covered with alu-
minum butyltape after the drying period. The tape 
consists of a self-adhesive rubber butylmass with a 
tear-resistant aluminum layer on top. The advantage 
to regular aluminum tape is the fact that the tape can 
be nicely pressed against the mortar surface in order 
to make it watertight. The test face of the samples 
was also covered with aluminum butyltape so that 
there was only a zone with an area of 4 cm2 around 
each crack in contact with water (Fig. 3).

For the uncracked specimens, one series was 
taped only on the sides to evaluate uniform water 
uptake through the whole bottom surface of the 
samples (denoted UNCR-A). The other uncracked 
series was taped on the sides and partly on the bot-
tom, so that a zone with an area of 4 cm2 was in 
contact with water (denoted UNCR-B). This last 
series was made to compare the uncracked mortar 
samples to the (self-healing) specimens with one 
crack, because in this case all the before mentioned 
specimens have the same area (4 cm2) exposed to 
water during the absorption test.

2.6 Water absorption test

According to the standard NBN EN 13057, all 
samples were taken out of the oven and placed 
in a climate room at a temperature of 20°C and a 
relative humidity of 60% when they were dry. The 
samples were left in this environment for 24 hours. 
After that period, the absorption test started. The 
test faces of all specimens were placed on supports 
in a shallow tray containing water such that the 
depth of immersion of each specimen is 2 ± 1 mm. 
A cover is placed on the tray immediately after all 
specimens have been positioned in it. The water 
uptake into the specimens is then determined by 
weighing the prisms at several time intervals using a 
balance with an accuracy of 0.01 g. When the spec-
imens are taken out of the tray, they are wiped with 
a wet cloth to remove surplus water. After weigh-
ing, the samples are immediately returned to the 
tray and the cover is replaced. In this research the 
specimens were weighed every 5 minutes during 
the first half  hour of the absorption test and every 
30 minutes during the next 8 hours. After that, the 
specimens are weighed again after 24, 48, 72 and 
96 hours of exposure to water.

2.7 X-ray radiography

As previously mentioned, the water uptake inside 
the specimen cannot be visualized through a gravi-
metrical water absorption test. Because the artifi-
cial cracks in the mortar prisms run through the 
whole width of the specimen, a 2D water uptake 
situation was established. For that reason, X-ray 

Figure 3. Test face of a mortar specimen covered with 
aluminum butyltape.

ICCRRR15_Fullpaper_Book.indb   48ICCRRR15_Fullpaper_Book.indb   48 8/27/2015   9:08:13 AM8/27/2015   9:08:13 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-9&iName=master.img-002.jpg&w=189&h=62


49

radiography could be used for the visualization of 
the time dependent water movement into cracked 
or healed mortar samples. For each specimen type 
mentioned in Table 1, an extra sample was made 
for X-ray radiography. The experiments were per-
formed on HECTOR, a 240 kV micro-CT setup 
optimized for research (Masschaele et al. 2013). 
As X-ray source, a XWT 240-SE microfocus from 
X-RAY WorX was installed. This high power 
reflection tube can deliver a target power of up to 
280 W for high X-ray flux, while a minimum focal 
spot size of 4 μm makes the system ideally suited 
for high resolution X-ray CT.

The radiographs were taken with an energy of 
140 kV and a power of 150 W. A thin (1 mm) Cu 
filter was installed. For each image ten frames were 
taken with an exposure time of 500 ms. A magnifi-
cation of 2 was obtained by placing the samples in 
the middle between the X-ray source and the detec-
tor. The Source Detector Distance (SDD) was 
1200 mm, so the Source Object Distance (SOD) 
was 600 mm. Each specimen was placed on two 
line supports in a plastic container. Two specimens 
could be illuminated at the same time by placing 
one container on top of the other (Fig. 4). As can 
be seen in Figure 4, the upper container is not 
placed straight above the other one. Instead, the 
upper container is shifted a little so that both con-
tainers could be filled with water without moving 
them. This is very important for the analysis of the 
moisture content in the samples, because the wet 
and dry images will be subtracted from each other. 
When samples in the wet image are shifted just a 
little bit compared to the dry image the moisture 
content will not be clearly visible.

When the setup was ready, the samples could be 
illuminated a first time in the dry state. Next, the 
containers were carefully filled with water by means 

of a syringe so that the immersion of each specimen 
is 2 ± 1 mm. Only one minute after the water was 
added, a first scan of the samples in the ‘wet’ state 
could be taken. During the first half hour of water 
absorption process the samples were illuminated 
approximately every 6 seconds. After the first half  
hour, the samples were illuminated every 13 minutes 
for the next 24 hours. Afterwards, the water profile 
in the mortar specimens at several time intervals 
could be visualized with the program ImageJ by 
subtracting the dry image from the wet images.

3 RESULTS AND DISCUSSION

3.1 Crack width measurements

Before the start of the absorption test, the crack 
widths of all standardized cracks are measured 
microscopically. The width of each crack is meas-
ured 8 times along its length. The mean crack 
width is 283 ± 2 μm which is slightly less, but still 
in good agreement with the thickness of the metal 
plates (300 μm).

3.2 Comparison of the water absorption between 
uncracked and cracked mortar

The results of the gravimetrical water absorption 
test are represented in graphs where the cumulative 
water absorption per unit of surface area (g/cm2) 
is plotted in function of the square root of time 
(h0.5). Firstly, the water absorption of uncracked 
and cracked mortar is analyzed. The results are 
given in Figure 5. In general, the water absorption 

Figure 4. Setup of the specimens scanned by X-ray 
radiography.

Figure 5. Water absorption curves of uncracked and 
cracked mortar specimens. Error bars represent the 
standard deviations of the mean values of 3 specimens.
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of all specimens is increasing nearly linear with the 
square root of time during the first 8 hours of the 
test. This is in agreement to what is found in litera-
ture (Hall 1989, Martys & Ferraris 1997).

Looking at the results of the cracked mortar 
specimens, it is clear that the water absorption per 
unit surface area is the same during the first hour of 
the absorption test (Fig. 5). This is logical, because 
the cracks of all cracked samples are almost iden-
tical, so the water uptake of one or more cracks 
per unit of surface area is the same. However, after 
the first hour the prisms with two cracks begin to 
take up less water per unit surface area than the 
prisms with one crack. The same can be concluded 
for the prisms with four cracks compared to the 
ones with one or two crack(s). The reason that the 
samples with one crack take up more water per 
unit of surface area than the samples with two or 
four cracks is the fact that water can spread hori-
zontally in the specimens from both crack faces. 
When two cracks are present in the sample, the 
surface area subjected to water is doubled and the 
water can only spread freely from one crack face of 
each crack. The horizontal water movement in the 
mortar zone between two adjacent cracks is lim-
ited because of the overlap of the water spread. It 
can be concluded that the horizontal overlap of the 
water spread between adjacent cracks occurs after 
approximately one hour of water absorption. This 
is also confirmed when the water front is visualized 
with X-ray radiography (section 3.4).

For the uncracked specimens there is a uniform 
water uptake in the sample and therefore almost 
no horizontal water movement. For that reason, 
the uncracked samples take up the least water 
per unit surface area. It can also be seen that the 
uncracked prisms are already completely saturated 
after 48 hours.

3.3 Evaluation of the self-healing efficiency

From the results of the water absorption test it 
is possible to evaluate whether a one component 
polyurethane is able to reduce the water absorption 
in cracked mortar. In Figure 6 the water absorp-
tion of the samples with one healed crack (SH-1) 
is compared to the water absorption of samples 
with an unhealed crack (CR-1) and uncracked 
samples with the same surface area subjected to 
water (UNCR-B). Figure 7 shows the comparison 
between the water absorption of two healed cracks 
(SH-2) and two unhealed cracks (CR-2).

It can be concluded from the results that the 
polyurethane is very well able to seal the cracks 
in most of the samples. After 24 hours, the mean 
total water absorption of the healed specimens 
with both one and two cracks is almost half  the 
amount of the mean water absorption of the 

Figure 6. Comparison of water absorption between 
healed and unhealed specimens with one crack and 
uncracked samples. Error bars represent the standard 
deviations of the mean values of 3 specimens.

Figure 7. Comparison of water absorption between 
healed and unhealed specimens with two cracks. Error 
bars represent the standard deviations of the mean val-
ues of 3 specimens.

unhealed specimens. The mean absorption of the 
SH-1 specimens is even comparable to that of the 
uncracked mortar samples.

It should be mentioned that one of the three 
tested SH-1 samples showed a lower healing effi-
ciency than the other two. This is also the reason 
why the standard deviation for this series is much 
larger than for the other sample series (Fig. 6). 
Microscopic images of the cracks of the SH-1 series 
were taken in order to verify whether the cracks were 
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well sealed at the surface. From these images it was 
seen that at some small parts of the crack surface 
the polyurethane did not completely seal the crack. 
With the software ImageJ the length of the parts in 
the crack that were not sealed were compared to the 
total crack length. For the two SH-1 samples which 
showed good healing results in the water absorption 
test, only 4.5% and 5% of the crack length was not 
well sealed. For the other SH-1 sample that showed 
a lower healing efficiency, 18.3% of the crack was 
not well sealed. This may explain the fact that the 
water absorption of this last mortar prism was 
higher than for the other ones.

3.4 Visualization of the water uptake 
by X-ray radiography

By subtracting the X-ray images in the wet state 
(during the absorption test) from the dry state 
image the water profile in the mortar specimens 
could be visualized. In the following figures, the 
middle parts (width of 6.5 cm) of the different mor-
tar samples are shown. The water inside the sam-
ples is indicated by the darker zones in the images. 
The darker the zones in the images, the more water 
is present in the sample.

In Figure 8 a comparison between the water 
uptake of an uncracked (UNCR-B) and cracked 
(CR-1) specimen is visualized. From these images 
it is clear that the water uptake in a specimen 
with a crack is very fast in the first 30 minutes 
of the test while there is almost no water uptake in 
the uncracked sample. After 8 hours, the water in 
the cracked specimen has already reached the top 
of the sample. The water front in the uncracked 

 sample has only reached half  the height at 8 hours. 
At 24 hours, the water in both specimens has 
spread over the whole middle part.

Figure 9 gives a comparison between the water 
uptake of an unhealed and healed specimen with 
two adjacent cracks. It can be seen that the images 
for the unhealed specimen are not very clear. This is 
because the sample shifted a bit during the  filling of 
the container. When the images in the wet state were 
then subtracted from the dry state image, there was 
no perfect overlap. Despite this fact, the water front 
is still visible. The water front in the cracked speci-
men for each of the cracks in the first 30 minutes 
of the absorption test is very similar to the water 
profile for the specimen with one crack (Fig. 8). 
For the healed specimen on the other hand, there 
is very few water uptake through the cracks. This 
means that the cracks are very well sealed by the 
polyurethane. The crack on the right in the figures 
does not turn dark on the inside. This indicates that 
the crack is completely filled with polyurethane, 
because no water could enter. The left crack on the 
other hand does turn dark after 30 minutes, which 
indicates that the left crack is not completely filled 
with polyurethane. However, the water entering the 
mortar through the crack faces is very limited, so 
the crack faces are probably covered with PU for 
the biggest part. This clearly limits the horizon-
tal water spread inside the mortar sample. After 
8 hours, water has spread over the whole middle 
part of the cracked specimen. For the healed speci-
men the water front after 8 hours is more compara-
ble to that of the uncracked  specimen (Fig. 8).

For the specimen with four cracks, the same 
conclusions can be stated as for the specimen with 

Figure 8. Visualization of the water uptake in an 
uncracked (UNCR-B) and cracked (CR-1) specimen.

Figure 9. Visualization of the water uptake in a cracked 
(CR-2) and healed (SH-2) specimen with two adjacent 
cracks.
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two cracks. The X-ray images of the specimens 
with multiple cracks also show that the overlap of 
water spread between two adjacent cracks occurs 
somewhere between 30 and 50 minutes of exposure 
time. The approximation of one hour, based on the 
results of the gravimetrical absorption test clearly 
agrees well to that.

4 CONCLUSIONS

The water absorption of sound mortar and also 
mortar with cracks is increasing nearly linear with 
the square root of time during the first 8 hours 
of contact with water. After one hour testing, the 
water uptake per exposed surface area of mortar 
with multiple cracks is less than for mortar speci-
mens with one crack, because there is always a 
horizontal overlap of the water spread between 
adjacent cracks inside the specimens.

The polyurethane used in this research is a very 
appropriate healing agent for obtaining crack 
healing in cementitious materials. Although the 
pre-polymer of the polyurethane had a rather 
high viscosity, the PU was able to seal most of the 
cracks. The total water absorption after 24 hours 
of cracked specimens with one or two cracks 
could be reduced by 50% due to crack healing 
with polyurethane. The water uptake of the healed 
 specimens was even comparable to the water 
uptake of uncracked samples. If  the water would 
contain aggressive substances, the self-healing 
activity would greatly reduce the degradation rate 
and improve the durability of the structure. This 
finding could be used to prove that an important 
service life extension of structures can be achieved 
by self-healing cementitious materials.

X-ray radiography is a very fast and efficient 
non-destructive test method to visualize the water 
uptake in mortar. The distribution of the water 
profile inside the specimens could be clearly 
 visualized at several time intervals. The images are 
directly obtained with good resolution in space 
and time. Also, the mechanism of water uptake in 
cracked and healed specimen could be compared. 
From these results it is clear that healed cracks can 
be either completely filled with PU and block the 
water ingress into the crack completely or the PU 
may not fill up the whole crack but seal the crack 
faces. In both cases the water ingress into the 
 mortar is significantly reduced.

ACKNOWLEDGEMENTS

This research under the program SHE (Engineered 
Self-Healing materials) (project ISHECO: Impact 
of Self-Healing Engineered Materials on steel 

COrrosion of reinforced concrete) was funded by 
SIM (Strategic Initiative Materials in  Flanders) 
and IWT (Agency for Innovation by Science and 
 Technology). The financial support from the foun-
dations for this study is gratefully  acknowledged. 
The authors would like to thank Kim Van 
 Tittelboom for critically reading the manuscript.

REFERENCES

Aldea, C-M., Shah, S.P. & Karr A. 1999. Permeability 
of cracked concrete. Materials and Structures 32(5): 
370–376.

Castro, J., Bentz, D. & Weiss, J. 2011. Effect of sample 
conditioning on the water absorption of concrete. 
Cement and Concrete Composites 33(8): 805–813.

Cnudde, V., Dierick, M., Vlassenbroeck, J., Masschaele, 
B., Lehmann, E., Jacobs, P., Van Hoorebeke, L. 2008. 
High-speed neutron radiography for monitoring the 
water absorption by capillarity in porous materials. 
Nuclear Instruments & Methods in Physics Research B 
266(1): 155–63.

Derluyn, H., Griffa, M., Mannes, D., Jerjen, I., Dewanck-
ele, J., Vontobel, P. et al. 2013. Characterizing saline 
uptake and salt distributions in porous limestone with 
neutron radiography and X-ray micro-tomography. 
Journal of Building Physics 36(4): 353–374.

Dewanckele, J., De Kock, T., Fronteau, G., Derluyn, H., 
Vontobel, P., Dierick, M., Van Hoorebeke, L., Jacobs, P., 
Cnudde, V. 2014. Neutron radiography and X-ray 
computed tomography for quantifying weathering 
and water uptake processes inside porous limestone 
used as building material. Materials Characterization 
88: 86–99.

Dry, C. 2001. Design of self-growing, self-sensing and 
self-repairing materials for engineering applications. 
Proceedings of SPIE 4234: 23–29.

Hall, C. 1986. Water movement in porous building mate-
rials—VII: the sorptivity of mortars. Building and 
Environment 21(2): 113–118.

Hall, C. 1987. Water movement in porous building mate-
rials—IX: the water absorption and sorptivity of con-
cretes. Building and Environment 22(1): 77–82.

Hall, C. 1989. Water sorptivity of mortars and concretes: 
a review. Magazine of Concrete Research 14(147): 
51–61.

Martis N.S. & Ferraris C.F. 1997. Capillary transport in 
mortars and concretes. Cement and Concrete Research 
27(5): 747–760.

Masschaele, B., Dierick, M., Van Loo, D., Boone, M.N., 
Brabant, L., Pauwels, E., Cnudde, V., Van Hoorebeke 
L. 2013. HECTOR: a 240 kV micro-CT setup opti-
mized for research. Journal of physics: Conference 
Series 463: UNSP 012012.

McCarter, W.J., Ezirim, H. & Emerson M. 1992. Absorp-
tion of water and chloride into concrete. Magazine of 
Concrete Research 44(158): 31–37.

NBN EN 196-1. 2005. Determination of strength. Meth-
ods of testing cement. European committee for Stand-
ardization. Brussels, Belgium.

Petrie, E.M. 2007. Handbook of adhesives and sealants: 
377–423. New York: McGraw-Hill.

ICCRRR15_Fullpaper_Book.indb   52ICCRRR15_Fullpaper_Book.indb   52 8/27/2015   9:08:15 AM8/27/2015   9:08:15 AM

  

http://www.crcnetbase.com/action/showLinks?crossref=10.1680%2Fmacr.1992.44.158.31
http://www.crcnetbase.com/action/showLinks?crossref=10.1680%2Fmacr.1992.44.158.31


53

Reinhardt, H-W. & Jooss, M. 2003. Permeability and self-
healing of cracked concrete as a function of tempera-
ture and crack width. Cement and Concrete Research 
33(7): 981–985.

Roels, S. & Carmeliet J. 2006. Analysis of moisture flow 
in porous building materials using microfocus X-ray 
radiography. International Journal of heat and Mass 
Transfer 49: 4762–4772.

Rucker-Gramm, P. & Beddoe, R.E. 2010. Effect of mois-
ture content of concrete on water uptake. Cement and 
Concrete Research 40(1): 102–108.

Van Tittelboom, K. 2012. Self-healing concrete through 
incorporation of encapsulated bacteria- or polymer-
based healing agents. Ph.D. thesis, Ghent University, 
Faculty of Engineering and Architecture. Ghent, 
Belgium.

Van Tittelboom, K., De Belie, N., Van Loo, D. & Jacobs, J. 
2011. Self-healing efficiency of cementitious materials 
containing tubular capsules filled with healing agent. 
Cement & Concrete Composites 33(4): 497–505.

Van Tittelboom, K., Snoeck, D., Vontobel, P., Wittmann, 
F.H., De Belie, N. 2013. Use of neutron radiography 
and tomography to visualize the autonomous crack 
sealing efficiency in cementitious materials. Materials 
and structures 46(1–2): 105–121.

Wang, K., Jansen, D.C. & Shah, S.P. 1997. Permeabil-
ity study of cracked concrete. Cement and Concrete 
Research 27(3): 381–393.

Wang, L.C. 2014. Experimental study on water absorp-
tion by concrete damaged by uniaxial loading. 4th 
International Conference on the Durability of Concrete 
Structures. West Lafayette, USA.

Zhang, P., Wittmann, F.H., Zhao, T. & Lehmann, E.H. 
2010. Neutron imaging of water penetration into 
cracked steel reinforced concrete. Physica B— 
Condensed matter 405(7): 1866–1871.

ICCRRR15_Fullpaper_Book.indb   53ICCRRR15_Fullpaper_Book.indb   53 8/27/2015   9:08:15 AM8/27/2015   9:08:15 AM

  

http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.cemconcomp.2011.01.004


55

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2

Experimental study on the long-term leaching properties 
of CSG materials

Wei Feng, Zhongwei Liu, Jinsheng Jia & Fengling Ma
China Institute of Water Resources and Hydropower Research, State Key Laboratory of Simulation and 
Regulation of Water Cycle in River Basin, Beijing, China

ABSTRACT: Based on the pressing concerns in engineering, Leaching properties of the main materials 
in Cemented Sand and Gravel (CSG) Dam were studied. The results showed the permeability coefficient 
of CSG was 10−10 m/s and it decreased over time. The permeability coefficient reduced to about half  of the 
initial value after 120 d. In constant hydraulic pressure, the leached Ca2+ was few and tended to stabilize 
when the leaching time reached 480 d. Internal pH of CSG continued to decrease until reached 10.0–11.5, 
belonging to low alkaline. The strength of material decreased obviously with the leaching of Ca2+. The 
leached Ca2+ of  CSG curing 1 year was very few and less than 10 mg/L, and the cumulative leaching rate 
was less than 0.1% after 100 d. It usually needs more than one year from the beginning of construction 
of CSG dam to water storage. Even if  leaching occurs, the leached Ca2+ is very few. So the CSG materials 
with long curing time have good ability to resist Ca2+ leaching.

under pressure water, will the Ca2+ continue to 
leach, how the strength attenuation change when 
osmotic quantity reaches a certain degree. Will the 
CSG material be complete destroyed by large seri-
ous leaching? The above questions are the main 
focus of this paper.

2 MATERIALS AND METHOD

2.1 Testing materials

The natural gravel stone from Yongding River in 
west Beijing, 42.5 Portland cement and class II fly-
ash were used as the raw materials of CSG. The mix-
tures were made into cylinders (ϕ 43 × 44 cm) and 
cubes (side length is 30 cm). The mixing proportion 
was shown in Table 1. A pressure leaching testing 
machine was adopted in the experiments and the 
water pressure was 0.5 MPa.  Deionized water was 
applied on the top surface of the specimen and pen-
etrating through the body to the bottom.

8 cubes (side length is 30 cm) and 3 cylinders 
(ϕ 43 × 44 cm) were made, and experiment was 
conducted on 6 cubes and 3 cylinders after curing 
for 43 days, and the other 2 cubes were cured for 
1 year before testing. Specimens were full-graded 
CSG with the maximum aggregate size 150 mm.

Affected by the uniformity of CSG, each speci-
men showed different density, so the corrosion 
situation was different. 1#, 3#, 5# cube specimens 
and 7#, 9# cylinder specimens had been carried 
out broken test after leaching experiments. Other 
samples were still in leaching experiments.

1 INTRODUCTION

Cemented Sand and Gravel (CSG) is a new-building  
dam material produced by mixing a small amount 
of cementitious materials, sand and gravel without 
screening or washing on site, paving and vibration 
compaction. Advantages of projects built by CSG 
are as follows: Low cement content and low tem-
perature rising by hydration heat, leading to simple 
temperature controlling measures. Low grading 
demand of aggregates. Sands and gravels dug from 
the dam riverbed and excavation. Low cost. The 
low cement and low aggregate demand reduce 
the cost. Low environmental impacts. The CSG 
dams are economical, fast, safe and environment-
friendly. So they have broad application potential 
(Raphael 1970 and Hirose 2007). In recent years, 
CSG dams have been used as permanent buildings 
in Japan, Turkey, Greece, France, Philippines and 
other countries (Hirose et al. 2003).

For a long time, it is believed that concrete 
buildings long-term immersed in natural water 
must suffer leakage risk. The continuous leaching 
of calcium oxide in concrete will affect the stabil-
ity of calcium silicate, on which the strength and 
durability of concrete mainly depend.

CSG material, as a new dam construction 
material, needs low cement content (40∼60 kg/m3, 
total dosage of cementitious materials is less than 
100 kg/m3), so it has low strength and poor perme-
ability resistance. Even equipped with specialized 
impervious body, the CSG dam still has the risk of 
penetration and leaching. With long-term  leaching 
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2.2 Mensuration of pH value

water samples were collect regularly and the vol-
ume and pH value of the water were measured 
according to the “Test codes for hydraulic con-
crete” (SL352-2006, China).

2.3 Calculation of Ca2+ leaching quantity

The leaching quantity of Ca2+ was determined by 
chemical titration method. 0.0271 mol/L of EDTA 
was used as the standard solution. The Ca2+ cumu-
lative leaching quantity of CSG was calculated by 
titration as following equation (1):

C VC VCCC
aC VC1VVVV 40 /08 1000  (1)

where CCa is the calcium concentration (mg/L); C 
is the concentration of EDTA standard solution 
(mol/L); V1 is the volume of EDTA standard solu-
tion (ml); V is the water volume (mL).

The formula for calculating the permeability 
coefficient is as follows (2):

K
QL
AH

=  (2)

where K is permeability coefficient (m/s); Q is the 
average flow through the specimens (m3/s); L is the 
height of specimen (m); A is the section area of 
specimen (m2); H is acting water head (m) (1 MPa 
water pressure = 100 m water head).

3 LEACHING TEST OF CSG 
AFTER CURING 43 DAYS

3.1 Effect of leaching on permeability coefficient

The permeability coefficients of 1∼9# specimens 
were similar as shown in Table 2 and the order of 
magnitude of permeability coefficient is 10−10 m/s. 
It can be concluded that CSG was in lower imper-
meability grade, but had minor permeability 
coefficient.

The cumulative permeability curves of 1#∼6# 
cube specimens were shown in Figure 1. Table 2 
showed that with the change of time, the  infiltration 

stages were clearly divided into two-stage and 140 
d was the demarcation in the seepage diachronic 
curve, showing good linear relation. Except the 
first stage of 5# had poor linearity of infiltration 
phase, others kept good linearity.

From Table 2, the permeability coefficient of 
CSG specimens can be down to the magnitude 
order of 10−10 m/s. In the first stage, permeabil-
ity coefficient of 5# cube specimen indicated the 
maximum coefficient is 5.08 × 10−10 m/s. With the 
increase of time, it dropped by 55.5% in the sec-
ond stage with 2.26 × 10−10 m/s. The permeability 
coefficient of 9# cylindrical specimen obtained 
the maximum value at 4.89 × 10−10 m/s. With up 
to the second stage, it also dropped by 68.1% at 
1.56 × 10−10 m/s.

By comparison, permeability coefficient of 
1–9# specimens indicated larger coefficient in the 
early stage. Later (after 120 days’ test), permeabil-
ity coefficient tended to decrease. That self-sealing 
phenomena was obviously appeared in the CSG.

3.2 Variation relation of pH values 
in CSG leachate

The pH value of leachate were shown in  Figure 2, 
which indicated the pH value in CSG leachate gradu-
ally reduced in the process of leaching, ranging from 
12.5 to 10.0, even below to 10.0. To some extent, the 
pH value of leachate also reflected the alkali content 
dissolved in the leachate in CSG. The initial seep-
age and soluble alkali quantity were larger, which 
reflected a higher pH value of the leachate. With 
the increase of time, the permeability coefficient of 
CSG decreased. The secondary hydration of fly ash 
could consumes the alkali contents. Therefore, the 
pH value of leachate gradually reduced and then 
remained stable within a certain range.

Recent studies have shown that regardless of 
cement or concrete, pH values generally kept above 
12.5 after 2–3 years. The pH values of concrete 
with fly ash will decline. If  pH values decreased 
from 12.5 to11.5, which indicated that about 90% 
of Ca(OH)2 was absorbed by fly ash. In this test, 
the pH value of the leaching specimen has declined 
to 11.5 below, even close to 10.5. Therefore it could 
infer the Ca(OH)2 in CSG was basically absorbed 
with little dissolved Ca2+ after 1.5 years’ leaching. 

Table 1. Mixing proportion of CSG.

Water-
binder 
ratio

Water-
cement 
ratio

Water 
consumption 
(kg/m3)

Cementitious 
materials 
(kg/m3)

Sand 
(kg/m3)

Gravel 
(kg/m3)

VC 
(s)

Full graded 
specimens 
density 
(kg/m3)

Wet sieving
specimens 
density 
(kg/m3)

Relative 
density 
(%)

0.9 1.8 72 80 584 1816 7 2543 2479 99.6
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Table 2. Permeability coefficient of specimens.

Specimens 1# 2# 3# 4# 5# 6# 7# 8# 9#

Size 30 × 30 × 30 cm φ 43 × 44 cm
Infiltration time (d)
The first stage

142 140 135 140 140 140 121 238 58

Cumulative seepage (L) 64.1 67.9 72.1 64.4 102.1 49.4 53.0 85.8 44.2
Permeability coefficient (10−10 m/s) 3.24 3.65 3.72 3.58 5.08 2.66 3.03 2.34 4.89
Infiltration time (d)
The second stage

343 358 / 346 176 343 294 223 263

Cumulative seeage (L) 69.9 78.7 / 58.4 51.1 45.9 31.1 45.1 61.2
Permeability coefficient (10−10 m/s) 1.61 1.71 / 1.34 2.26 1.06 0.70 1.28 1.56
Decreasing of permeability coefficient (%) 50.3 53.2 / 62.6 55.5 60.2 76.9 45.3 68.1

Figure 1. Cumulative seepage and time of cube 
specimens. Figure 2. Development curves of pH value.

Table 3. The Ca2+ leaching results in the leachate of CSG specimens.

Specimens 1# 2# 3# 4# 5# 6# 7# 8# 9#

Size 30 × 30 × 30 cm Φ43 × 44 cm
Volume (m3) 0.027 0.064
Water consumption (kg) 1.944 4.598
Cement content (kg) 1.08 2.555
Fly ash content (kg) 1.08 2.555
CaO content (g) 657 1555
CaO leaching quantity (g) 14.9 15.2 13.1 10.1 20.8 10.6 10.4 9.6 15.7
CaO leaching rate (%) 2.26 2.31 2.00 1.53 3.16 1.61 0.67 0.61 1.01
The concentration 

of Ca2+ (mg/L)
9–225 9–212 39–217 8–138 13–243 4–226 9–139 4–212 4–282

Duration (d) 485 498 135 486 316 483 415 461 321

The characterization of SEM, XRD and TGA also 
confirmed this phenomenon.

3.3 The leaching of Ca2+ in CSG material 
under water pressure

After curing 43 d, the test results of leaching of 
cube and cylinder specimens are shown in Table 3, 

and Ca2+ was shown in the form of CaO. Ca(OH)2 
was the main source of dissolvable Ca2+. However, 
the generation rate of Ca(OH)2 in hydration prod-
ucts, as a variable, was affected by the continuous 
Ca2+ leaching, so it’s difficult to accurately calcu-
late the total amount of dissolvable Ca(OH)2 in 
specimens, then the proportion of total CaO in 
cementitious materials was counted.
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In the Ca2+ leaching process of 1∼9# specimens, 
the accumulative leaching quality time curve in the 
form of CaO was shown in Figure 3. Among 1∼6# 
cube specimens, 5# specimen had the  maximum 
dissolved cumulative amount at 20.8 g and the 
proportion of total CaO in cementitious materi-
als was 3.16% after leaching 316 d. And that in 4# 
specimen at 10.1 g was minimum with CaO ratio 
at 1.53% after 486 day’s leaching. And among 
7∼9# cylindrical specimens, dissolved cumulative 
amount of CaO was 15.7 g and total CaO ratio in 
cementitious materials was 1.01% in 9# specimen 
after 321 d. While, the leaching CaO amount of 
8# specimen was only 9.6 g, accounting for 0.61% 
after 461 d. In Figure 3, it could be observed that 
the cumulative leaching quality and dissolved con-
centrations of Ca2+ tended to be stable over time. 
After 200 d, the dissolvable Ca2+ was few and 
almost insoluble until 400 d. The microscopic anal-
ysis confirmed that crystal structure of Ca(OH)2 

was not observed in the hydration products of 
leaching specimens.

3.4 Strength loss of the CSG 
under water pressure

Material strength was the most important property 
for CSG dam. After leaching, strength gradually 
decreased, affecting the dam safety, which has been 
a greatest concerned problem.

To compare the change of CSG mechanical 
strength in the process of Ca2+ leaching, broken tests 
were conducted by 1,3,5# cube and 7,9# cylinder 
specimens after leaching. The results were shown 
in Table 4. Other specimens remained testing to 
observe the effect of leaching time on strength. It 
could be found the strength gradually reduced with 
continuous leaching. After 316 d, total leaching 
CaO ratio of 5# specimen was 3.16% with highest 
leaching quantity. Comparing with standard curing 
specimen, the strength decreased by 61%. Through 
135 day’s leaching, the total leaching CaO ratio 
of 3# specimen was 2.0% with 31% reduction in 
strength. Among cylindrical specimens, total leach-
ing CaO ratio in 9# specimen was 1.01% after 321 d, 
and the strength decreased by 20.1% comparing 
with standard curing specimen. While 7# specimen 
was only 0.67% after 415 d, falling by 12.8%. When 
total leaching CaO ratio in cementitious materials 
reached 3.16% at most, the strength of CSG obvi-
ously dropped to 5.5 Mpa, decreasing by 60%. But 
the phenomenon of CSG collapsed due to large 
CaO cumulative leaching quantity wasn’t observed.

From Table 4, the ratio of reduction in strength 
and Ca2+ leaching quantity was not constant, which 
was related to specimens size, water pressure and 
so on. The ratio of average reduction in strength 
and Ca2+ leaching quantity was about 17%, that 
is, when total leaching CaO ratio was 1%, strength 
dropped by 17%.

Figure 3. The CaO cumulative leaching quality and 
infiltration time curve.

Table 4. The comparison of compressive strength pre-and post leaching of full grade CSG specimens.

Specimen 1# 3# 5# 7# 9#

Size 30 × 30 × 30 cm Φ43 × 40 cm
Infiltration time (d) 485 135 316 415 321
Leaching rate of CaO (%) 2.26 2.00 3.16 0.67 1.01
Compressive strength (standard curing 

specimen) (MPa)
15.4 11.6 14.1 14.8 14.1

Compressive strength after leaching (MPa) 11.4 8.0 5.5 12.9 11.6
Reduction in strength (%) 26.0 31.0 61.0 12.8 20.1
Reduction in strength/Ca2+ leaching 

quantity (%)
11.5 15.5 19.3 19.1 17.7

Average reduction in strength/Ca2+ 
leaching quantity (%)

16.6
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4 LEACHING TEST OF CSG 
AFTER CURING 1 YEAR

Previous research had confirmed that CSG had 
certain self-sealing ability. Some studies (Hiroshi 
and Akira 2000, Liapichev 2003, Kazuko et al. 
2005, Christophe et al.1996, Xiong et al. 2008) 
proved that normal concrete and roller compacted 
concrete both showed obvious self-sealing ability. 
The main reasons could be summarized as fol-
lows: (1) Hydration products absorbed water and 
swelled, when seepage water flowed through the 
pores. (2) Concrete would be further compacted 
due to the continual hydration of gelled material 
with the continuous infiltration. (3) Fine mud, clay 
particles etc, mixed in the seepage water would 
block the pore channels. (4) As the seepage path 
extended, Ca(OH)2 concentrations continued to 
improve, and blocked pores by the crystal in some 
micro-pores.

Though the water-binder ratio was larger in 
CSG material (water-binder ratio in this research 
was 0.9), which also had the similar properties of 
concrete. That is, self-sealing phenomenon was 
appeared as the decrease of permeability coef-
ficient That means, when the age was increasing, 
hydration products blocked the pores due to the 
cement hydration and secondary hydration of the 
fly ash, which further reduced permeability.

To compare the leaching performance of CSG 
after long curing period, experiments were carried 
out by 2 cubes CSG specimens (length at 30 cm), 
and after curing for 1 year. The water pressure was 
increasing to 1.2 MPa. The results of Ca2+ leaching 
were shown in Table 5. It could be concluded that 
the permeability coefficient of specimens, curing 
for 1 year, were smaller and up to 10−11 m/s, with 
very few dissolvable Ca2+.

With the increase of age (more than 1 year), 
activity of fly ash was gradually stimulated in the 
CSG, and the active SiO2 and Al2O3 had secondary 
hydration reaction with Ca(OH)2, the hydration 
product of cement, and generated new hydration 
products. The new hydration products would fill 
the primary pores, so that the pores were refined, 
segmented and blocked. Hydration of fly ash con-
sumed many Ca(OH)2 and produced Calcium Sili-
cate Hydrate gel (CSH), filling in the skeleton of 
Ca(OH)2 crystals, which could reduce the thickness 
of transition zone. This was so called “self-sealing” 
or “self-closure” phenomena.

In Table 5, after curing 1 year, the porosity of 
CSG was decreasing, anti-permeability was further 
enhanced, and the dissolvable Ca2+ quantity was 
little. Thus, it could be concluded after long age of 
curing, especially over 1 year, CSG has high anti-
permeability and anti-leaching (resistance to Ca2+ 
leaching). For water conservancy projects, over 
1 year is needed from the beginning of construc-
tion to completion. CSG after long age curing has 
high resistance to leaching.

5 CONCLUSIONS

Following phenomenon would occur in CSG 
under the continous water pressure As the inter-
nal pores were filled with water, the porosity would 
continuously change due to the auto-compacting 
with the increasing age; Ca(OH)2 in hydration 
products were leached, and other products might 
be hydrolyzed. Hydraulic fracturing occurred in 
the micro-cracks by the pressure seepage water. 

The strength of CSG was obviously decreased 
because of the seepage and leaching.

The experimental results showed that
1. With the increase of age, permeability coeffi-

cient of CSG was decreased, and it kept at 10−10 
m/s 120 d later, half  of the initial value. In the 
leaching process, activity of fly ash was stimu-
lated gradually, and active SiO2 and Al2O3 had 
secondary hydration reaction with Ca(OH)2, the 
hydration product of cement. After the longest 
leaching duration at 485 d, the dissolved Ca2+ 
was little, and tended to be stable.

Internal pH of CSG continued to decrease 
until reached 10.0–11.5, belonging to low alka-
line. The strength was obviously decreased with 
the Ca2+ leaching. The total leaching CaO ratio 
in cementitious materials was 3.16%, reaching 
the maximum value. The ratio between average 
reduction in strength to Ca2+ leaching quantity 
was about 17%, that is, when the total leaching 
CaO ratio in cementitious materials was 1%, 
with 17% reduction in strength.

Table 5. Leaching results of cubes CSG specimens 
(1 year curing period).

No. 10# 11#

Size 30 × 30 × 30 cm
Volume (m3) 0.027
Water consumption (kg) 1.944
Cement content (kg) 1.08
Fly ash content (kg) 1.08
CaO content (g) 657
Leaching quantity of CaO (g) 0.51 0.45
Leaching rate of CaO (%) 0.1 0.1
The concentration of Ca2+ (mg/L) 4–135 4–122
Duration (d) 110 117
Cumulative infiltration of water (L) 6.6 18.4
Permeability coefficient (10−11 m/s) 2.2 4.4
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2. It usually needs more than one year from the 
buildup of CSG dam to water storage. After 
curing for 1 year, the leached Ca2+ of  CSG is 
very few, which has good ability to resist Ca2+ 
leaching.
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Effects of resistivity on corrosion rate measurements obtained 
from a coulostatic monitoring device

A.N. Scott
Department of Civil and Natural Resources Engineering, University of Canterbury, New Zealand

ABSTRACT: There are a number of factors which can influence the measurement of the corrosion rate 
of reinforcing steel in concrete. A coulostatic device was used to estimate the rate of corrosion of steel 
in reinforced concrete samples with varying resistivities. The resistivity of the concrete was controlled 
through the addition of a micro silica binder and changes to the water/cement ratio of general purpose 
cement. The rate of corrosion was strongly correlated with the resistivity of the concrete and the cal-
culated coulostatic corrosion rates ranged from 0.02 to 1.18 μA/cm2 in steps of approximately 0.4 μA/
cm2. The corrosion rates obtained from the coulostatic technique were in reasonable agreement with 
gravimetric results taken after approximately 18 months of weekly cycles of salt water exposure followed 
by drying.

as follows. The potential transient is described by 
the equation (Hassanein et al 1998):

n n
t

t on
c

−⎛
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⎞
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⎞⎞
⎠⎠
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τ

 (1)

where nt is the potential shift at time t, no is the ini-
tial potential shift and τ c  is the time constant. The 
polarization resistance Rp is then obtained from 
the time constant and capacitance (C) informa-
tion, equations 2 and 3, with qs  being the applied 
charge density.

τ c pτ CRpp=  (2)

C
q
n

s

o
=  (3)

1 INTRODUCTION

There are a variety of techniques available for the 
determination of the rate of corrosion of rein-
forcing steel in concrete. Andrade and Alonso 
(1996) provide a fairly comprehensive summary 
of the principle corrosion monitoring techniques 
together with a range of factors which affect corro-
sion rates and their measurement. The most com-
mon methods for laboratory and site investigations 
involve some form of Linear Polarization Resist-
ance (LPR) measurement.

The coulostatic method of corrosion rate deter-
mination is essentially an LPR technique. Unlike 
the common galvanostatic method which typically 
monitors the response of potential to an applied 
current over a period of minutes, the coulostatic 
method measures the relaxation of the poten-
tial after a known charge with a duration in the 
order of milliseconds is applied to the electrode. 
 According to Glass (1995) corrosion rates are 
related to the time constant describing the poten-
tial decay induced by a small charge perturbation. 
A high corrosion current therefore will lead to a 
rapid decay of the potential transient whereas with 
a lower corrosion current the decay of the poten-
tial after the perturbation will take some time. A 
typical potential transient monitored over 30 sec-
onds is shown in Figure 1.

The theoretical development and principles of 
the coulostatic method have been well presented in 
a number of sources (Glass et al 1993, Rodriguez 
and Gonzalez 1994, Hassanein et al 1998). A brief  
outline of the main features of the method and 
determination of corrosion rates will be presented 

Figure 1. Potential transient of steel electrode after 
application of small of small charge.
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Values are obtained by fitting equation 1 to the 
results for a curve such as that shown in Figure 1. 
The value of ηo is thus calculated from the fitted 
equation and is not a measured value. There is an 
apparent deviation between the fitted curve and the 
measured potentials immediately after the pertur-
bation. The behaviour of the steel mortar interface 
is said to be modeled by the Randles equivalent cir-
cuit which places a resistor, representing the polari-
zation resistance, in parallel with a capacitor, which 
represents the double layer capacitance. Rodriques 
and Gonzalez (1994) have suggested the standard 
Randles circuit is a simplification and that there 
should be three resistor-capacitor combinations in 
series accounting for the mortar cover, passivat-
ing film and finally the metal-concrete interface. 
The first two however are said to discharge almost 
instantaneously.

If  potential measurements are taken approxi-
mately 0.1 seconds after the cessation of the charge, 
many of the very early transients should have dissi-
pated. Any remaining early transients are unlikely 
to significantly affect the corrosion rate measure-
ments as potential readings in the coulostat used 
for this investigation are typically taken for at least 
30 seconds. Thus the overall shape of the curve and 
the resulting equation are still valid.

The length of the charge has been shown by 
Glass (1995) to have an effect on the shape of the 
relaxation transient with longer perturbations 
resulting in progressively flatter relaxation curves. 
The relaxation curve for perturbations of approxi-
mately 35 ms differs only marginally from those 
of 4.65 ms, with perturbations even up to 350 ms 
showing reasonable agreement.

2 EXPERIMENTAL INVESTIGATION

The corrosion rate of mild steel round bar embed-
ded in concrete was investigated for three mix 
designs using a coulostatic measuring device. Three 
different concrete mix designs were chosen to pro-
vide a range of resistivity values. Details of the mix 
designs along with 7, 28 and 90 day compressive 
strengths are provided in Table 1.

Plain round mild steel with a diameter of 12 mm 
was cut into lengths of approximately 470 mm. 
The steel bars were wire brushed to remove any 
mill scale, cleaned and weighed prior to casting. 
The ends of the bars were covered in shrink wrap 
and epoxy coated to provide an exposed surface 
area of 120 cm2.

Three replicate concrete prisms (460 mm long 
by 120 mm square) with a central mild steel round 
bar were cast for each mix. The cover depth for 
all the specimens was 40 mm. The specimens were 
demoulded after 24 hours and water cured under a 

damp hessian cloth wrapped in plastic. After 7 days 
the specimens were loaded under three point bend-
ing to produce one central transverse crack with a 
width between 0.6 and 0.9 mm. Three additional 
GP 0.45 specimens were cast and left uncracked to 
maintain passive corrosion conditions.

The sides of the cracked specimens were sealed 
and a plastic reservoir placed on the surface. The 
specimens were placed in a 21 °C climate controlled 
room after approximately 14 days and subjected to 
weekly cycles of 3 days ponding with 3.5% NaCl solu-
tion followed by 4 days drying. Tap water was used 
instead of NaCl for the passive control samples.

The specimens were monitored weekly for cor-
rosion rate (μA/cm2), potential (mV) and resistivity 
(kOhm.cm). The polarization resistance data was 
obtained by a couloustatic technique, as previ-
ously described in the introduction. The polariza-
tion resistance was converted to a corrosion rate 
(icorr) by means of the Stern-Geary relationship as 
provided in equation 4 (Schiessl, 1988), with an 
assumed value of 26 for B as suggested by Andrade 
and Alonso (1996).

i
B
Rcorri

pR
=  (4)

After approximately 18 months the specimens 
were broken open and the steel bars removed. The 
shrink wrap was carefully removed and the bars 
cleaned in a solution of hydrochloric acid, anti-
mony trioxide and stannous chloride as provided 
in ASTM G1-03. The average measured corrosion 
rates obtained from the coulostatic technique were 
compared to those obtained by gravimetric analysis.

3 RESULTS AND DISCUSSION

The potential measurements shown in Figure 2 
for GP 0.45, GP 0.6 and MS 0.45 indicate that 

Table 1. Concrete mix design (kg/m3).

GP 0.45 GP 0.6 MS (8%)

W/C 0.45 0.6 0.45
Water 173 174 173
GP Cement 378 283 347
Microsilica – – 30
Sand 829 906 817
Stone (13 mm) 1051 1051 1051
SP (ml) – – 800
7 day strength (MPa) 51 31 51
28 day strength (MPa) 60 41 64
90 day strength (MPa) 69 48 74

SP—super plasticizer.
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 corrosion initiated shortly after the specimens 
were first ponded with salt solution. In most cases 
active corrosion potentials were observed within 3 
weeks after the start of ponding. The uncracked 
specimens GP 0.45(u), which were ponded with tap 
water, showed a gradual increase in potential and 
no active corrosion was observed over the course 
of the investigation.

The first measurement at week 1 was after crack-
ing and before ponding with salt water. The meas-
ured corrosion rates in all cases were very low, as 
shown in Figure 3. The corrosion rates for GP 0.45 
(U), the uncracked control, were reasonably con-
sistent and had an average value of approximately 
0.02 μA/cm2 from week 38 onward. The corrosion 
rates for GP 0.45, GP 0.6 and MS 0.45 were 0.72, 
1.18 and 0.39 μA/cm2 respectively.

The mix designs were initially chosen to pro-
vide a range of  concrete resistivity values which 
would in turn yield different corrosion rates. 
 Figure 4 provides the relationship between resis-
tivity and corrosion rate for the actively corroding 
specimens.

The uncracked specimens were intended to 
maintain passive conditions and provide the lowest 
level of corrosion which was measured at 0.02 μA/
cm2. There is a reasonable range of calculated cor-
rosion rates from 0.39 to 1.18 μA/cm2 in steps of 
approximately 0.4 μA/cm2 for the actively corrod-
ing specimens. The distinct corrosion levels provide 
a useful comparison against actual corrosion rate 
as determined by mass loss measurements.

The total measured corrosion current over the 
investigation was calculated for each specimen 
based on the individual corrosion rate curves. The 
total charge was converted to an equivalent mass 
loss through the use of Faraday’s law and com-
pared to the actual mass loss calculated as the dif-
ference between the initial mass of the steel prior 
to casting and that measured at the end of the 
investigation after cleaning.

Table 2 provides a comparison between the aver-
age calculated mass loss obtained from the coulo-
static corrosion rates with those of the measured 
gravimetric mass loss. It can be seen that the cal-
culated coulostatic mass loss was approximately 
60% greater than that obtained from gravimetric 
analysis for all the actively corroding specimens. 
The difference in mass loss between the calcu-
lated and measured non-corroding specimens was 
negligible.

The difference in average values are within a fac-
tor of 2 which is considered an acceptable range 

Figure 3. Smoothed averaged corrosion rate (μA/cm2).

Figure 4. Relationship between corrosion rate and 
resistivity.

Figure 2. Average weekly potential measurements.

Table 2. Comparison of coulostatic and gravimetric 
mass loss.

Mass loss
coulostatic

Mass loss
gravimetric

Percent
difference

GP 0.45 0.80 0.55 +45
GP 0.6 1.27 0.75 +70
MS 0.45 0.54 0.32 +68
GP 0.45 (u) 0.02 0.03 −13
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of accuracy as suggested by Andrade and Alonso 
(1996). The results for the comparison of coulo-
static and gravimetric mass loss for individual 
specimens is provided in Figure 5.

The resistivity of the concrete did not appear to 
affect the difference between the gravimetric and 
coulostatic mass loss. The resistivity of the MS 
0.45 specimens were roughly 2.5 times greater than 
those of the GP 0.6 specimens yet the percentage 
difference between the calculated and measured 
mass loss was almost identical.

It can be seen in Figure 6a and 6b that the cor-
rosion was not uniform over the entire bar length 
but rather localized to the region just below the 
cracked surface.

The coulostat, as with other LPR methods, 
requires the transmission of a charge from the 
counter electrode typically located on the surface 
of the concrete to the reinforcing steel. As a meas-
urable shift in potential of a few millivolts is neces-
sary to get an accurate estimate of the corrosion 
rate, a concrete with a high resistance may limit the 
perturbation of the reinforcing steel thus prevent-
ing the measurement of the corrosion rate. The 
coulostat used in this investigation allows the oper-
ator to select a given charge. The device attempts 
to send the required charge for up to 200 ms. If  the 
desired level of charge is not reached after 200 ms 
the charging circuits are closed and the total charge 
transmitted is reported for use in calculating the 
corrosion rate.

The coulostat, as with other LPR methods, 
requires the transmission of a charge from the 
counter electrode typically located on the surface 
of the concrete to the reinforcing steel. As a meas-
urable shift in potential of a few millivolts is neces-
sary to get an accurate estimate of the corrosion 
rate, a concrete with a high resistance may limit the 

perturbation of the reinforcing steel thus prevent-
ing the measurement of the corrosion rate. The 
coulostat used in this investigation allows the oper-
ator to select a given charge. The device attempts 
to send the required charge for up to 200 ms. If  the 
desired level of charge is not reached after 200 ms 
the charging circuits are closed and the total charge 
transmitted is reported for use in calculating the 
corrosion rate.

A sample of coulostat results for GP 0.6 and 
MS 0.45 readings are presented in Table 3 along 
with a short period of potential measurements 
in Figures 7 and 8. The same charge of 0.2 milli-
coulombs (mC) was selected for both specimens. 
Despite the resistivity of the MS 0.45 specimen 
being approximately 4 times greater than the GP 
0.6 specimen the actual transmitted charges were 
0.25 and 0.23 mC respectively.

The higher resistivity of the MS specimens effec-
tively limited its corrosion rate. As a result the ini-
tial potential shift, ηo, of MS 0.45 was more than 
double that of GP 0.6. Figure 7 shows the lower 

Figure 5. Comparison of measured gravimetric mass 
loss with coulostat calculated mass loss.

Figure 6. Extent of corrosion on: a) GP 0.45, b) MS 
0.45.
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the corrosion rate would also likely be lower thus 
reducing the size of the charge necessary to pro-
duce a reasonable potential shift.

4 CONCLUSIONS

The coulostat used in this investigation was able to 
accurately estimate the rate of corrosion for rein-
forcing steel embedded in concrete produced with 
a range of mix designs. The individual resistivity 
for the difference concrete varied from less than 10 
kOhm.cm to over 40 kOhm.cm resulting in corro-
sion rates from 0.4 to 1.2 μA/cm2 for actively cor-
roding steel and 0.02 μA/cm2 for passive steel. The 
resistivity of the concrete did not have a detrimental 
effect on the coulostatic corrosion measurements as 
concrete with both high and low resistivity showed 
similar variations in corrosion rates when compared 
to gravimetric measurements. The maximum differ-
ence between the estimated coulostatic mass loss and 
gravimetric measurement was 70% which is within a 
factor of two considered to provide an accurate rep-
resentation of the actual corrosion rate.
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Table 3. Selected coulostat corrosion measurement data.

GP 0.6 MS 0.45

Resistivity (kOhm ⋅ cm) 11 44
Charge (mC) 0.23 0.25
ηo (mV) 20 50
Rate (μA/cm2) 0.94 0.17

Figure 7. Potential transients for GP 0.6.

Figure 8. Potential transients for MS 0.45.

potential shift together with a fairly rapid return to 
pre-perturbation potentials compared to Figure 8 
which displays a significantly larger potential shift 
and slower discharge.

In both the cases of GP 0.6 and MS 0.45 the 
coulostat provide a reasonable indication of the 
corrosion rate. While the variations in resistivity 
resulted in different corrosion rates the resistiv-
ity of the concrete did not adversely affect the 
measurement of those rates. If  the resistivity of 
the concrete was considerably higher it is possible 
the coulostatic device would be unable to apply the 
desired level of charge within the given time, but 
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Study of residual protection following interruption 
of impressed current cathodic protection in concrete

D.W. Law & S. Bhuiyan
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ABSTRACT: Impressed Current Cathodic Protection (ICCP) is a well-established technique to reha-
bilitate and protect corroding steel reinforcement in concrete. Recent studies have demonstrated that the 
protective effects of ICCP do not cease immediately after the system is interrupted, but can persist for 
a period of time before corrosion re-initiates. The residual effect is attributed to the beneficial effects of 
ICCP, where chlorides are repelled from the steel and re-alkalisation of the concrete around it occurs, 
thereby re-establishing passivity. This paper looks into this phenomenon of this residual effect and 
investigates how long it lasts and how it varies with current densities and duration of ICCP application. 
A number of parameters including steel potentials, depolarisation values, corrosion rates and concrete 
resistance were monitored for salt-contaminated reinforced concrete specimens that were subjected to 
ICCP and subsequently interrupted. Overall the results show that residual protection can be achieved by 
the application of ICCP to reinforced concrete structures. The duration and current density of the applied 
current both affect the duration for which this protection will remain.

potential repels chloride ions and allows the gen-
eration of hydroxyl ions at the steel-concrete inter-
face which leads to an increase in the pH, helping 
restore passivity (Koleva et al., 2009, Glass and 
Chadwick, 1994, Broomfield, 2007). Once passiv-
ity is achieved, the applied current can be reduced 
to maintenance levels that sustain the passive state. 
The reduction in the current also assists in preserv-
ing the operational lifetime of the cathodic protec-
tion system, reducing the likelihood of acid attack 
at the anode.

Recent research on existing structures with 
ICCP applied has indicated that these systems 
can provide protection even after the ICCP has 
stopped operating (Presuel et al., 2002, Page, 
1997, Broomfield and Tinnea, 1992). A recent 
study of 10 reinforced concrete crossbeams in the 
UK showed that the steel remained passive up to 
3 years after the ICCP was no longer being applied 
(Christodoulou et al., 2010). Understanding the 
causes of this could have considerable benefits for 
the long term operation of ICCP systems and the 
initial energising of the system. This could include 
economic benefits by extending the lifetime of an 
ICCP system by allowing it to be de-activated (or 
pulsed) through its operational life and to provide 
a more efficient process for the initial energising 
of the system and passivation. In addition it may 
be possible to gain a better understanding of the 
passivation process by investigating the causes of 
residual protection.

1 INTRODUCTION

Reinforced concrete is the one of the most widely 
used construction material in the world today. 
However, the corrosion of steel reinforcement in 
concrete structures is a global problem causing bil-
lions of dollars to be spent in repairs and mainte-
nance to keep structures in a safe and functional 
state. The problem has led to a range of repair 
and rehabilitation techniques being developed to 
prevent and treat the corrosion process. Amongst 
the various approaches developed to tackle this 
problem, Impressed Current Cathodic Protection 
(ICCP) has proven to be an effective method of 
stopping ongoing corrosion and preventing it from 
occurring in the future.

The use of ICCP has become an accepted and 
widely used technique for the rehabilitation of 
reinforced concrete structures where corrosion 
has been initiated by chloride ions, either from 
the ingress of de-icing salts or in marine environ-
ments. The use of ICCP systems is now covered by 
national standards around the world (BSI, 2000, 
NACE, 2007, AS2328, 2008). These provide infor-
mation on the initial polarisation and operational 
parameters to ensure initial passivation and con-
tinuing protection.

The ICCP system works on the basis of shift-
ing steel potentials to more negative values using a 
DC power supply in order to thermodynamically 
prevent corrosion from occurring. The negative 
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Research has shown that the application of 
ICCP induced changes in the local environment 
of the steel/concrete interface, namely the removal 
of chloride from around the rebar and the con-
sumption of oxygen and water in the production 
of hydroxyl ions, which results in restoration of 
steel passivity (Glass and Chadwick, 1994).

In order to study the residual effects of an ICCP 
system, it is necessary to monitor the changes that 
occur at the steel/concrete interface during the 
application of ICCP and following its interrup-
tion. The objective of this paper is to report on the 
findings of testing carried out by applying a range 
of current densities (20, 60, 180 and 540 mA/m2 
based on steel surface area) for different time peri-
ods (1 and 3 months). The parameters monitored 
included resistivity, temperature, humidity, poten-
tial and corrosion rate to determine what, if  any, 
level of residual protection was afforded the steel.

2 METHODOLOGY

The test specimens were developed from a previ-
ous pilot study to determine the optimum configu-
ration for the monitoring sensors (Bhuiyan et al., 
2014).

The test regime included ten specimens. The 
specimens were made from a 100% Ordinary Port-
land (OP) cement mix with a nominal strength of 
40 MPa. This was chosen to simulate a standard 
site mix. In order to initiate corrosion, 0.5% and 
3% NaCl by weight of cement, was added to the 
mix. The 0.5% was selected to replicate levels com-
monly found in reinforced concrete structures, the 
3% was selected to accelerate the corrosion process 
given the time constraints in laboratory trials. The 
mix design is given Table 1.

A schematic of the test specimen is given in 
 Figure 1. The specimen is 300 × 150 × 100 mm with 
a ribbed mild steel bar, diameter 16 mm and length 
and 250 mm, with 40 mm cover. The cathodic pro-
tection current was applied via a activated titanium 
mesh ribbon anode De Nora Type 1—current 

 rating of 5.5 mA/m at 110 mA/m2). Monitoring of 
the specimen included an embedded Ag/AgCl elec-
trode (Castle type LD15), a welded-tip thermocou-
ple, a humidity sensor (Honeywell HIH4000-01) 
and three pairs of resistivity probes (Bhuiyan et 
al., 2014, McCarter et al., 2005).

After de-moulding, specimens were kept in a 
spray cabinet which was set to spray twice a day 
(every 12 hours), with each spray cycle lasting 30 
minutes. The specimens for the 3% NaCl were left 
to corrode for 3.5 months before the Cathodic Pro-
tection (CP) was applied, the specimens with 0.5% 
salt were conditioned for 2 months prior to appli-
cation of the CP.

The current was selected to enable a comparison 
between current density and total charge passed. 
As such current densities of 20, 60, 180 and 
540 mA/m2 were selected and durations of 1 and 
3 months, Table 2. The 20 mA/m2 was selected to 
replicate the maximum current density applied to 
structures. Previous research on accelerated cor-
rosion of bond specimens has indicated current 
densities up to 200 mA/m2 can be applied with-
out adverse effects on the steel/concrete interface 

Table 1. Mix design.

Constituent
Quantity
(Kg/m3)

Cement 420
Water 210
Fine aggregate 625
Coarse aggregate (7 mm) 625
Coarse aggregate (10 mm) 625
NaCl (0.5%) 2.1
NaCl (3%) 12.6

Figure 1. Schematic of test specimen.

Table 2. Test Regime ICCP specimens.

Specimen % Cl
Current density 
(mA/m2)

Duration 
(months)

1 3  20 3
2 3  60 1
3 3  60 3
4 3 180 1
5 3 180 3
6 3 540 1
7 (control) 3   0 –
8 0.5  20 3
9 0.5  60 1
10 (control) 0.5   0 –
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The results show that all of the 3% specimens 
have an initial potential following casting of 
approximately −300 mV, Ag/AgCl. During the con-
ditioning period these potentials become slightly 
more positive and ranged between approximately 
−230 and −330 mV, indicating a moderate corro-
sion risk. This is attributed to the continued hydra-
tion of the concrete and a passivation on the rebar. 
The 0.5% specimens all have initial potentials of 
approximately −100 mV, Ag/AgCl, indicating a 
low corrosion risk. The data shows a clear differ-
ence between the 3% and the 0.5% concentrations 
and would suggest that corrosion may have been 
initiated on the 3% specimens but not in the 0.5% 
specimens. This is supported by the corrosion rate 
data, Figure 4, 3% chloride and Figure 5, 0.5% 
chloride.

The data shows an initially moderate to high 
rate of corrosion of 0.3–2.5 μA/cm2 for the 3% 
specimens, which falls into the moderate to passive 
range 0.1–0.5 μA/m2 over the conditioning period 
(Law et al., 2004). This correlates to the rise in 
potential during the same period and shows that 
some passivation of the bar is occurring and that 
a longer conditioning period is required to fully 
initiate corrosion for both the 3% and 0.5% chlo-
ride specimens. The 0.5% specimens show a similar 
trend with a high initial corrosion rate but that the 

Figure 2. Steel potential vs time, 3% chloride specimens.

Figure 3. Steel potential vs time, 0.5% chloride specimens.

Figure 4. Corrosion rate vs time, 3% chloride specimens.

(El Maaddawy et al., 2005), as such current densi-
ties 60 and 180 mA/m2 were selected as appropri-
ate for accelerated testing. Finally, due to the short 
time frame of the project specimens were also 
tested at 540 mA/m2.

Corrosion was evaluated via the steel potential 
and corrosion rate measurements using Linear 
Polarisation Resistance (LPR). The current was 
applied by connecting the bar to the negative termi-
nal of the DC power source and the anode mesh to 
the positive terminal, with a multimeter connected 
in series to the circuit to measure the current. All 
the probes with the exception of the resistance sen-
sors were wired to the data-logger, which was set to 
sample every half  hour (except during depolarisa-
tion period when a higher sampling rate was used). 
Manual readings had to be taken from the LCR 
meter (connected to the resistance sensors) as a 
multiplexing switch control unit was not available 
to automatically sample the readings between sen-
sor pairs.

3 RESULTS

The steel potentials for the 3% NaCl specimens are 
given in Figure 2 and for the 0.5% NaCl specimens 
in Figure 3.

Figure 5. Corrosion rate vs time, 0.5% chloride specimens.
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corrosion rate falls rapidly as the hydration of the 
cement leads to the passivation of the rebars.

During CP application, corrosion rate measure-
ments were not possible due to application of the 
CP. Shortly after current interruption, corrosion 
rates show increased values, contrary to what one 
would expect. Similar findings were reported in 
literature and a few hypothesis have been put for-
ward (Green et al., 1993):

• Steel passivation can take time, depending on 
the oxygen diffusion rate to the steel bar

• Alkaline attack of steel can occur at high current 
densities due to production of HFeO2

− 
• Potential soon after current interruption is close 

to the reversible potential of half  reaction.

Following CP the corrosion rates fluctuated in 
the low to passive range, indicating that protection 
had been maintained. However, overall, corrosion 
rate data did not show any definitive evidence of 
the residual effects.

The potential and corrosion rate data indicate 
that the 0.5% bars are probably passive when the 
CP is applied, while the 3% bars probably have 
some low level corrosion occurring. This is further 
supported by visual inspections following test-
ing, where cut sections of the concrete specimens 
revealed some corrosion products for the 3% speci-
mens, but very little (negligible) for the 0.5% speci-
mens, Figure 6.

When CP is applied, a drop in potential is observed 
in all specimens when the current is applied. Thus 
the CP is seen to be successfully polarizing the steel 
to more negative potentials, indicating that protec-
tion is being applied to the bars. The polarization 
observed shows a direct relationship to the cur-
rent, as would be expected. Specimen 1, 20 mA/m2, 
is polarized to approx. −350 mV, specimens 2 & 
3, 60 mA/m2, are polarized to approx. −450 mV, 
4 & 5, 180 mA/m2, are polarized into the range −550 
to −600 mV and specimen 6, 540 mA/m2, is polar-
ized in to the range −750 to −800 mV.

A current sweep was conducted on control speci-
mens for the 3% and 0.5% salt specimens, Figure 7. 
The data shows that a higher current density was 
required for the 3% specimens, as would be expected. 

This current density required is related to the cor-
rosion activity, further supporting the evidence that 
low level corrosion is present in the 3% specimens 
but that the 0.5% specimens are probably passive at 
the time of the application of the CP.

The potential of the control specimens at both 
the 3% and 0.5% chloride both remain more or less 
constant through the CP period and once the CP 
is switched off. This would indicate that even after 
250 days in the wet/dry cycling corrosion has not 
been well established and remains at a low level, 
as supported by the visual inspection and corro-
sion rate data. This shows that for laboratory trials 
specimens need to be conditioned well in advance 
if  active corrosion is to be established prior to 
application of CP.

In order to assess the performance of the CP 
instant off  and 24 hour decay was monitored for 
each specimen after 1 week and at 1 month for 
all specimens and further monitored at 2 months 
and 3 months for the specimens with CP applied 
for the 3 month period. All the specimens showed 
similar behaviour, with all the specimens achieving 
the 24 hour 100 mV decay requirement, even after 
1 week, Table 3.

The 24 hour decay data shows that signifi-
cantly higher decay values are found for the 0.5% Figure 6. Visual inspection, 3% and 0.5% NaCl specimens.

Figure 7. Current sweep, 3% and 0.5% NaCl specimens.

Table 3. 24 hour decay.

Specimen

24 hour decay (mV)

1 week 1 month 2 month 3 month

SP1 110 152 161 160
SP2 131 162
SP3 168 173 188 202
SP4 285 316
SP5 267 280 289 300
SP6 452 496
SP8 239 237 247 268
SP9 261 324
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 specimens, SP8 and SP9, than the corresponding 
3% specimens, SP1 and SP2 and SP3. Examples of 
the 24 decay are given in Figures 8 and 9.  Similar 
profiles are obtained for all the specimens, with 
the decay values plateauing out with time, with 
little increase observed in the 24 hour decay value 
between 1 and 3 months, with SP1 even showing a 
small reduction. This would indicate that protec-
tion is achieved rapidly, as would be anticipated 
given the minimal corrosion on the bars prior to 
application of the current.

The 0.5% NaCl specimens displayed signifi-
cantly higher depolarization values compared to 
the 3% specimens. Furthermore, it is observed that 
the percentage of change in the  depolarization 
value between 1 week and 1 month is clearly much 
lower than the 3% NaCl specimens. The data 
shows that passivity was more readily achieved 
in the 0.5% specimens, as would be expected. Once 
the passivity is achieved little change in the decay 
trace is observed.

The 3% specimens shift to potentials slightly more 
positive to those pre-CP, while the 0.5% specimens 
have potentials similar to those pre-CP, Table 4.

This can be attributed to the condition of the 
bars and the effect of the CP. The 0.5% specimens 
were most likely in a passive state at the application 

Figure 8. 24 hour decay, SP1.

Figure 9. 24 hour decay, SP9.

Table 4. Steel potential data pre and post CP.

Specimen

Pre CP
potential
(mV, Ag/AgCl)

Post CP 
potential
(mV, Ag/AgCl)

Residual
protection 
(Days)

SP1 −249 −221 10
SP2 −282 −176 <5
SP3 −270 −209 20
SP4 −251 −187 45
SP5 −255 −205 55
SP6 −258 −145 90
SP8 −90 −90 5*

SP9 −89 −106 55*

*—on going with no drop observed to date.

of the CP, while the steel in the 3% had low level 
of corrosion activity and a higher chloride concen-
tration at the bar/paste interface. The application 
of the CP acts to stop the corrosion and gener-
ate hydroxyl ions at the steel/cement interface and 
repels chloride ions from the vicinity of the bar. 
A combination of these two effects has resulted in 
the steel in the 3% specimens now being in a pas-
sive state, and hence the more positive potentials, 
for the 0.5% the bars were probably already passive 
before the application of the CP, thus potentials 
remain constant pre and post application.

Following the halting of the CP it can be seen 
that all the 3% specimens have a period of time as 
the potential continues to drift more positive, indi-
cating protection is maintained (with the exception 
of SP2). This indicates that residual protection is 
being afforded to the bars, similar to that reported 
(Christodoulou et al., 2010, Glass et al., 2001). 
Results for SP2 are inconclusive as potential starts 
to fall almost immediately after current interrup-
tion to the control potential, however in a gradual 
manner rather than a sudden drop, as seen for other 
specimens. It is conservative to estimate that the 
residual protection of SP2 was less than 5 days.

The 0.5% specimens both returned to similar 
potentials observed prior to application of the CP. 
To date no change in the potentials or corrosion 
rates has been observed for any specimens, including 
the control specimen, SP10. At this point no clear 
evidence can be determined as to whether residual 
protection has been achieved. Should the specimens 
with CP applied remain passive beyond the control 
then this could be taken as indicative of additional 
protection being provided. This data again shows 
that longer conditioning periods are needed for lab-
oratory specimens prior to applying CP.

Analysis of the potentials shows that a drop in 
potential is observed for the 3% specimens after a 
number of days, Table 4. This is indicative that the 
residual protection is being lost at this point.
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As would be anticipated the duration of the 
residual protection increases with current density 
and, as again would be anticipated, the longer the 
application of the CP, at a set current density, 
the longer the residual protection. However, while 
the three month specimens do show a longer period 
of residual protection for the same current density, 
this is not a direct function of the duration, ie the 
three month specimens do not give three times the 
residual protection. The three month specimens 
only provide a small additional period of protec-
tion compared to the one month specimens. This 
would suggest that a certain level of residual pro-
tection is afforded once corrosion has been halted, 
and the passive layer restored. The additional pro-
tection may then be a function of the hydroxyl 
ions generated at the rebar and any transport of 
chloride ions from the vicinity of the steel. Both of 
these phenomena will result in changes in the Cl−/
OH− ratio, which has been identified as a key fac-
tor in the initiation of corrosion (Glass and Buen-
feld, 1997). The disruption of residual protection 
likely occurs when chloride ions diffuse back under 
the natural concentration gradient to the steel and 
causes depassivation.

An increase in current density shows a larger 
increase in the duration of  the residual protection, 
though only the SP4, 180 mA/m2, specimen have a 
proportionally longer residual period compared to 
SP2, 60 mA/m2. In all other cases the residual pro-
tection does not increase at the same rate as the 
current density. This would further suggest that 
restoration of  the passive layer itself  is the pri-
mary factor in providing residual protection, with 
the charge passed then providing additional time.

It is also noted that there is no direct relationship 
between the total charge passed and the residual 
protection. SP1 and SP2 both pass the same total 
charge but SP1 provides a slightly longer period of 
residual protection. For SP3 and SP4 and SP5 and 
SP6 the specimen with the higher current density, 
but shorter CP period provides the longer residual 
protection. This effect also increases as the applied 
current density increases.

A possible explanation is that at the higher 
current density more of the charge is carried by 
the chloride ions in the pore solution. Thus at 
the higher current density more chloride ions are 
removed from the zone around the rebar, analo-
gous with desalination. This is supported by the 
resistivity measurements, Figure 10. Three sensors 
were placed with in the specimens adjacent to the 
bar (P3—positioned mid-level of bar, P2 and P3 
10 mm and 20 mm below P1, respectively). For 
clarity only the top sensor, P1, is reported, though 
all three sensors have very similar resistances prior 
to application of the CP.

The data shows are general increase in resist-
ance with time for all specimens, with all specimens 
having similar values.

The concrete resistance can be broken down 
into three stages; during the first week, the rate of 
increase in concrete is at a maximum, followed by 
a slower but steady increase up to approximately 
100 days, after which the resistance starts to reach 
an almost constant state. The maximum rate of 
increase during the first few days after casting is due 
to rapid concrete hydration. As hydration continues 
and the specimens dry out, the resistance continues 
to increase. At 100 days a somewhat steady state 
appears to be reached. Corrosion rates taken after 
100 days were also very similar for each specimen, 
which indicates a direct relationship with concrete 
resistance. This observation further supports that 
the high initial corrosion rates and degree of fluc-
tuation is influenced by concrete resistance.

Following application of the CP there is a con-
siderable scatter of the resistance observed. This is 
attributed to the generation of hydroxyl ions at the 
bar and migration of chloride ions away from the 
bar. This will affect the relative concentration of 
the ions in the pore solution at each depth. This 
variation can be noted from analysis of the three 
sensors at different depths. Examples of SP1 and 
SP6 are given in Figures 11 and 12.

The data shows that as the current density 
increases the variation in the normalized resistance 
between P1, P2 and P3 increases. As the resistance 
can be taken a measure of the ion concentration 
within the pore solution, this supports the hypoth-
esis that there have been changes in the relative con-
centrations of the ions due to the applied current.

The resistivity in the concrete can also be affected 
by the temperature and the relative humidity. The 
fluctuations in temperature and relative humidity 
through the course of the experiment are shown in 
Figures 13 and 14.

Figure 10. Normalised resistance measurements, 
 sensor P1.

ICCRRR15_Fullpaper_Book.indb   72ICCRRR15_Fullpaper_Book.indb   72 8/27/2015   9:08:27 AM8/27/2015   9:08:27 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-12&iName=master.img-009.jpg&w=189&h=114


73

Figure 11. Normalised resistance measurements, SP1.

Figure 12. Normalised resistance measurements, SP1.

Figure 13. Temperature vs time.

Figure 14. Relative humidity vs time.

The relative humidity remains fairly constant 
throughout the experiment, Fluctuations are seen 
due to drying and wetting cycles, but generally 
remains between 80–90%. These values are repre-
sentative of concrete in an exposed environment 
and would not lead to the corrosion being under 
anodic or cathodic control due to insufficient 
moisture or oxygen to support corrosion. The drop 
between 75–80 days is due to a failure in the spray 
pump over a weekend period and is not expected to 
have any impact on the results as this was during 
the conditioning period, but could account for a 
drop in corrosion rates at this point.

The temperature does show some variation 
between 15–25 °C over the course of the experi-
ment. This is attributed to variations in the labora-
tory environment reflecting the seasonal variation 
in the weather. Again these are changes that would 
be consistent with concrete in an exposed envi-
ronment and are not anticipated in affecting the 
residual protection. The temperature variations 
could account for small fluctuations noted in the 
corrosion rate and resistances, but not in the gen-
eral trends.

4 CONCLUSIONS

CP has been successfully applied to laboratory 
specimens, with the steel bars achieving the criteria 
specified for the protection of reinforced concrete 
structures.

Following the application of the CP residual 
protection was observed in all specimens with CP 
applied.

The duration of the residual protection increased 
with time of application. However, the increase in 
the duration of the residual protection was not lin-
ear with time.

The duration of residual protection increased 
with current density, though again this was not a 
direct relationship between the duration and cur-
rent density.

In general specimens with the higher current 
density, but shorter CP period provided the longer 
residual protection.

The potential and corrosion data indicated 
that active corrosion had not been initiated in the 
0.5% specimens during the conditioning process, 
while low level corrosion was occurring in the 
3% specimens at the time of  the application of 
the CP.

The resistance measurements suggested that the 
CP had affected the ion concentration in the pore 
solutions around the bar, possibly due to the pro-
duction of hydroxyl ions and the removal of chlo-
ride ions in the interfacial zone.
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The relative humidity and temperature in the 
specimens were consistent with those experienced 
in exposed concrete structures.

Overall the results show that residual protec-
tion can be achieved by the application of ICCP 
to reinforced concrete structures. The duration and 
current density of the applied current both affect 
the duration for which this protection will remain.
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Deterioration of service reservoirs constructed in accordance 
with EN 206
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ABSTRACT: EN 206 provides guidance for the design of concrete exposed to chemical attack, however, 
several recently constructed or refurbished service reservoirs have undergone deterioration. In contrast, res-
ervoirs constructed more than 20 to 30 years ago do not show signs of this particular type of  deterioration. 
The equivalent British Standard, BS 8500, and BRE Special Digest 1 concentrate on the attack of sul-
phate containing waters but do not cover other potentially aggressive aqueous environments.

The affected concrete surfaces have been attacked by aggressive water, transforming the surface into a 
mushy paste fully depleted of calcium compounds. Two further distinct zones have been observed. Zone 2 
has been carbonated and Zone 3 has experienced Portlandite depletion. The initial findings are consistent 
with mild acid attack by ingressing moisture.

To identify the cause of the attack and allow the selection of resistant concrete mixes, a series of field 
experiments and investigations has been initiated at affected service reservoirs. Concrete specimens of 
compositions representing the recommendations of EN 206 for XA3, together with more durable mixes, 
have been immersed in natural waters of varying aggressiveness. The water properties have been assessed 
over an extended period and the rate of deterioration determined at four reservoirs.

This paper details the investigations carried out and discusses the recommendations provided in EN 
206 with regards to the attack by “aggressive” drinking water in service reservoirs. It is hoped it will initi-
ate discussion on the contents of EN206 and any further guidance required to obtain durable concrete 
structures.

over the exposed surface of the concrete and the 
pH. If  a significant flow rate is occurring, the 
attack on the concrete can be considerable even 
for mildly acidic conditions. However, if  one of 
the corrosion products formed is insoluble, it can 
provide a protective layer on the surface of the 
 concrete. The types of attack, depending on the 
pH, are shown in Table 1.

1 INTRODUCTION

Water can be a highly aggressive medium, attacking 
concrete as a result of erosion or chemical attack. In 
general, concrete has excellent resistance to chemical 
attack provided an appropriate mix is used and it is 
well compacted. However, due to its high alkalinity, 
Portland Cement (PC) based concrete is not partic-
ularly resistant against strong acids or compounds 
which can convert to acids, as noted by Neville.

The hydration products of PC decompose dur-
ing chemical attack and the newly formed products 
may leach out or, if  not soluble, may be disruptive 
to the integrity of the concrete. The reactions occur 
when the aggressive compounds are in solution. 
Calcium hydroxide (Ca(OH)2) is the most vulner-
able compound within the cement paste, however, 
the Calcium-Silicate-Hydrate (C-S-H) phases can 
also be attacked. Calcareous aggregates such as 
limestone are similarly susceptible whilst siliceous 
aggregates are generally not attacked.

The most important factors in the corrosive 
attack of concrete are the amount of fluid  flowing 

Table 1. Type of concrete attack depending on pH, 
Neville.

pH Type of attack

>8.5 Largely unaffected unless very strong 
alkaline solutions are present

7.0–8.5 Superficial leaching of calcium hydroxide
6.0 Attack is minimal unless the flow rate is 

significant
5.0 Serious attack, extent depending on flow rate
<4.0 Hardened cement and calcareous aggregates 

are rapidly attacked
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The more impermeable the concrete, the lower the 
rate of attack for any given exposure condition.

Most natural waters have acidities that fall into 
the pH range 4 to 8.5. Below pH 5 the acidity is 
usually due to the presence of humic acid which 
has limited aggression because calcium humate is 
almost insoluble in water and forms a protective 
layer on the concrete.

When natural waters containing carbon diox-
ide attack concrete, the calcium hydroxide and the 
hardened cement paste are first carbonated and 
then dissolved, resulting in decalcification. The 
two attacking species are carbonic acid, H2CO3, 
and calcium bicarbonate, Ca(HCO3)2. As calcium 
bicarbonate is soluble it will be removed by the 
aggressive water, providing sufficient carbonic 
acid is present to stabilise the bicarbonate formed. 
Calcium carbonate, whether present due to car-
bonation of calcium hydroxide or as limestone 
aggregate, and the hydrated cement phases are also 
attacked by carbonic acid. The end products of 
the attack are gelatinous forms of hydrated silica 
and alumina and iron hydroxides. In practice, most 
of the hydrated alumina and iron hydroxides are 
removed by the aggressive water so that the only 
remaining product is gelatinous silica. It is the 
formation of soluble calcium bicarbonate and its 
removal by the water that is responsible for the 
attack of concrete surfaces.

Non-calcareous aggregates are left standing 
proud of the corroded surface when attacked by 
soft acidic water. Many limestone aggregates will 
be dissolved more readily than the surround-
ing cement paste and may form a comparatively 
smooth surface. As the attack proceeds, smaller 
aggregates near the surface may become dislodged 
as the degraded surface develops. The use of cal-
careous aggregates increases the buffer effect at the 
surface and may reduce the rate of deterioration 
due to acid attack.

2 INTERNATIONAL GUIDANCE

Where concrete is exposed to natural soils and 
ground water then EN 206 provides guidance on 

the exposure class Chemical Attack—XA. EN 
206 differentiates between XA1—slightly aggres-
sive chemical environment, XA2—moderately 
aggressive environment and XA3—highly aggres-
sive chemical environment. The exposure class is 
then identified using EN 206. An extract is rep-
resented in Table 2, showing the limiting values 
for exposure classes for chemical attack from 
groundwater.

The National Annex of  BS EN 206 provides 
recommendations for the design of  concrete 
exposed to XA environments. XA3, as the most 
severe exposure class, requires a minimum con-
crete strength of  C35/45 with a maximum water-
cement ratio of  0.45 and a minimum cement 
content of  360 kg/m3. The German Standard DIN 
1045-2 recommends the same minimum water-
cement ratio of  0.45 but a lower cement content 
of  320 kg/m3. Where sulphates are present, BRE 
Special Digest 1 is applicable for the specification 
of  concrete in the UK. The most severe Design 
Sulphate class DS5 in BRE SD1 specifies the use 
of  an ACEC Class of  AC-5 that requires a Design 
Chemical class DC-4 plus one Additional Protec-
tive Measure (APM). DC-4 specifies a maximum 
w/c-ratio of  0.35 and minimum cement content of 
380 kg/m3 with a CEM II/B-V+SR or CEM III/
A+SR. The APM is required to be a protective 
coating.

Detailed guidance is available for the specifica-
tion of  concrete exposed to sulphate in ground-
water or soil; however, there is a lack of  detailed 
guidance when concrete is exposed to aggressive 
water containing chemical species other than 
sulphates. Engineers are then required to advise 
on appropriate durable concrete mixes which 
may vary as the assessment is largely based on 
experience. Besides sulphates, acids are the most 
common chemical species to attack concrete. 
Aggressive dissolved carbon dioxide forming 
a mild acid can cause significant deterioration 
where water is considered to be soft with a low 
alkalinity/total hardness. Deterioration due to 
ammonium or magnesium is rarely encoun-
tered except in certain industrial or brownfield 
environments.

Table 2. Extract from EN 206.

Chemical characteristic Reference test method XA1 XA2 XA3

SO4
2− [mg/l] EN 196-2 ≥200 and ≤600 >600 and ≤3000 >3000 and ≤6000

pH ISO 4316 ≤6.5 and ≥5.5 <5.5 and ≥4.5 <4.5 and ≥4.0
CO2 [mg/l] aggressive EN 13577 ≥15 and ≤40 >40 and ≤100 >100 up to saturation
NH4

+ [mg/l] ISO 7150-1 ≥15 and ≤30 >30 and ≤60 >60 and ≤100
Mg2+ [mg/l] EN ISO 7980 ≥300 and ≤1000 >1000 and ≤3000 >3000 up to saturation
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3 WATER CHARACTERISTICS

Water generally contains dissolved gases. Oxygen is 
the most important of the dissolved gases.  Carbon 
dioxide must be considered in relation to other 
constituents, especially calcium hardness.

The effect of carbon dioxide is closely linked 
with the bicarbonate content. Calcium bicarbo-
nate requires excess carbon dioxide in solution 
to stabilize. The necessary concentration depends 
on the temperature and the other constituents of 
the water. With insufficient dissolved carbon diox-
ide, the water will be supersaturated with calcium 
carbonate and a slight increase in pH will tend to 
cause its precipitation, forming a scale on the con-
tact surfaces. The water will usually be non-corro-
sive under these conditions.

If  carbon dioxide is present in excess of the sta-
bilizing equilibrium, there can be no deposition of 
calcium carbonate and any old deposits or calcium 
bearing compounds will be dissolved. The corro-
siveness of water can be expressed by the Satura-
tion Index (SI), also known as Langlier Saturation 
Index (LSI).

SI = pH − pHs (pHs = saturation pH value)

If  the SI is positive the water will be supersatu-
rated with respect to calcium carbonate, whereas if  
it is negative the water is considered to be unstable 
and will be aggressive to calcium carbonate and 
calcium bearing compounds.

The Water Services Association of Australia 
(WSAA) states that water is considered to be 
potentially aggressive if  it has a SI of less than 
−1.5. However, it should be noted that the SI only 
indicates the presence of a driving force and does 
not guarantee that scaling or dissolution will occur. 
Mons et al. recommend that the LSI. should be in 
the range −0.2 to +0.3 to avoid scaling and corro-
sion problems.

Another related parameter is the Ryznar Stabil-
ity Index, which is given by:

RSI = 2pHs – pH

An RSI of 6.5 to 7 indicates that water is approx-
imately at saturation equilibrium with respect to 
calcium carbonate, whereas an RSI of greater than 
8 is considered to be undersaturated, tending to 
dissolve any existing CaCO3.

The corrosiveness of water can also be expressed 
using the Calcium Carbonate Precipitation Poten-
tial (CCPP) which is defined as the quantity of cal-
cium carbonate that can theoretically precipitate 
from supersaturated water or alternatively dissolve 
into unsaturated waters. The degree of super or 

undersaturation can be calculated from the water’s 
pH, alkalinity and Ca2+ concentrations and their 
potentials are represented in Table 3. This index is 
considered to be more reliable than the LSI. and 
RSI. as it takes account of the amount of calcium 
carbonate that could ultimately be dissolved to 
achieve equilibrium. The WSAA provides some 
values for the aggressiveness of water.

To obtain non-corrosive water the South Afri-
can Water Research Commission under Lowenthal 
et al. suggests that “The chemical state of the water 
needs to be adjusted to a slight state of supersatu-
ration with respect to calcium carbonate: a precipi-
tation potential of about 4 mg/l is recommended.” 
In contrast to that statement, the WSAA suggests 
that scaling already occurs above 0 and that water 
is still passive up to a CCPP value of −5.

CCPP provides essentially identical information 
to the LSI in a slightly expanded numerical form 
and is, again, a theoretical calculation based on 
thermodynamic data.

The hardness is one of many factors influencing 
the aggressive properties of water. According to 
Neville there are apparent trends in relation to the 
aggressiveness based on the hardness of water:

• Soft water is aggressive and undersaturated with 
respect to calcium carbonate.

• Very hard water is usually not very aggressive 
provided that it is supersaturated with calcium 
carbonate. Underground water with a low 
pH value and high carbon dioxide content is 
aggressive.

• Water of intermediate hardness frequently con-
tains a significant amount of other constituents 
and there is often a tendency for a scale to be 
loosely formed.

The usual classification of water by hardness 
in according to Thresh et al. is represented in 
Table 4.

Water containing free carbon dioxide, such as 
moorland water or mineral waters, also attacks con-
crete but not all carbon dioxide is aggressive. Some 
carbon dioxide is required to form and stabilize cal-
cium bicarbonate in the solution. Water containing 
low amounts of carbon dioxide, such as flowing pure 
water as a result of condensation, can cause surface 

Table 3. CaCO3 precipitation potentials.

CaCO3 precipitation potential CCPP values

Scaling (protective) > 0
Passive 0 to −5
Mildly dissolving −5 to −10
Dissolving (aggressive) < −10
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erosion. Other types of water, such as peaty water, 
can be very aggressive due to the low pH. All these 
exposure conditions result in leaching of the readily 
soluble calcium hydroxide and other calcium bear-
ing compounds in the cement paste. The reaction 
occurs as aggressive free carbon dioxide dissolved 
in the pore water of the cement paste reacts with 
calcium hydroxide, Portlandite, to form calcium car-
bonate which then continues to react with free car-
bon dioxide to form calcium bicarbonate.

4 INVESTIGATION

In the UK, concrete is typically designed in accord-
ance with BS EN 206, BS 8500, BRE Special Digest 
1 and other current guidelines but despite compli-
ant designs and specifications, issues with concrete 
durability have occurred during recent years. This 
was notably encountered at water service reservoirs 
where structures had been recently constructed or 
refurbished. It was observed that concrete faces 
started to transform into a mushy paste, fully 
depleted of calcium compounds, within one year 
after construction, see Figure 1. Reservoirs con-
structed in the 1970s and 1980s have, however, not 
experienced similar deterioration when exposed to 
the same water.

Following the occurrence of the surface deterio-
ration, an investigation was initiated to assess the 
cause and identify appropriate and durable con-
crete mixes for future works. To assess the deterio-
ration mechanism and its potential aggressiveness 
on the structure during its design life the following 
factors were considered to be most relevant:

• Composition of the attacked concrete;
• Rate of deterioration on varying mixes;
• Composition of the attacking media.

4.1 Water composition

The composition of the water was analysed with 
respect to alkalinity, calcium content, total hard-
ness, pH, temperature, chlorides, magnesium and 
sulphates. Representative samples of the water 
were taken at the inlet and outlet of the reservoirs 

on at least three occasions. The results showed 
that the contents of chlorides, magnesium and sul-
phates are negligible. The water is mobile due to 
the operation of the reservoir. The data from inlet 
and outlet did not show significant differences, 
indicating that an obvious increase or decrease of 
any particular characteristic was not present. The 
mean results of the main characteristics are pre-
sented in Table 5.

4.2 Concrete composition

The concrete mix design of the attacked service 
reservoirs was determined using either archive 
information or petrographic analysis. The origi-
nal concrete mix design was only available for 
one Service Reservoir (SR2). 4 No. concrete cores 
were retrieved from each of the three remaining 
reservoirs at representative locations from the sub-
merged floors and walls for petrographic analysis.

The concrete was based on Portland cement, 
with or without pfa and ggbs, with varying cement 
content between 340 and 460 kg/m3 and a water-
cement ratio of 0.45 to 0.5. The aggregate gener-
ally comprised coarse limestone and siliceous sand. 
The detailed composition of the concrete is shown 
in Table 6. In the case of SR2, the  Exposure and 
Design Chemical Class in the concrete specification 

Table 4. Total water hardness [Thresh et al.].

CaCO3 content Total water hardness

50 ppm Soft
50–100 ppm Moderately soft
100–150 ppm Slightly hard
150–250 ppm Moderately hard
250–350 ppm Hard
>350 ppm Very hard

Figure 1. Soft concrete surface.

Table 5. Reservoir water characteristics.

SR1 SR2 SR3 SR4

Alkalinity [mg/l CaCO3] 15 55 131 198
Calcium [mg/l Ca2+] 6 41 67 107
Total Hardness 

[mg/l CaCO3]
22 130 192 292

pH 7.6 7.2 7.3 7.6
Temperature [°C] 5.7 10.6 14.7 13.0
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Table 6. Reservoir concrete composition.

SR 1 SR2 (specification) SR3 SR4

Cast in-situ Cast in-situ Precast Cast in-situ Cast in-situ

Concrete class C32/40 C50/60
Cement type CEM III/A (50%) CEM III/A + SR CEM III/A + SR CEM II/B-V (30%) CEM I
Cement content 

[kg/m3]
460 Min. 360 Min. 380 340 380

w/c-ratio 0.45 Max. 0.45 Max. 0.4 0.45 0.45–0.5
Aggregate type Limestone; 

siliceous sand
Limestone Limestone Calcareous 

siltstone, 
sandstone

Limestone

Figure 2. Soft surface.

were XD2 and DC-2, respectively. The data for SR2 
were obtained from the construction specification 
and provide the minimum/maximum requirements 
but not the actual mix design.

Exposure class XD2 was chosen due to the 
risk of chlorine in the water in a wet, rarely dry 
environment. In the case of suspected exposure to 
chemical attack, XA, BS 8500 refers to the deter-
mination of the ACEC classes, i.e. BRE Special 
Digest 1—Aggressive ground conditions. BS 8500 
does not provide specific requirements for XA 
exposures other than sulphates.

Surface deterioration and weakening of the cover 
zone of the cores retrieved from SR3 was confirmed 
by petrographic analysis whereas no visible signs of 
deterioration could be found at SR1 and SR4. Signs 
of carbonation up to a depth of 2.5 mm were how-
ever observed at the cores of SR1 which is untypical 
for a 50% ggbs concrete that is submerged.

4.3 Extent of deterioration

Deterioration was visually observed at SR2 and 
SR3 in the form of a softened concrete surface 
that could easily be scraped away within 1 and 15 
years, respectively (Fig. 2). The depth of deterio-
ration within the concrete and the potential cause 
was assessed in more detail on the concrete core 
samples from SR1, SR3 and SR4. Core samples 
from SR2 were not retrieved as a result of the obvi-
ous deterioration after 1 year and that informa-
tion about the concrete mix design was available. 
Both the in-situ and precast concrete elements 
were observed to be affected, i.e. that the C50/60 
concrete with a minimum of 380 kg/m3 CEM III/
A+SR and a w/c-ratio of 0.4 was also attacked. 
Controlled permeability formwork was used dur-
ing construction that should have provided a more 
resistant cover zone.

The analysis of the visually affected concrete 
at SR3 showed signs of surface deterioration as 
a result of softening and porosity enhancement. 

Three distinct zones of surface alteration, that are 
typical of mild acid attack, were identified which 
were as follows:

• Substantial porosity enhancement/calcium deple-
tion up to a depth of 0.4 to 0.7 mm caused by 
exposure to mildly aggressive and mobile mois-
ture. Portlandite and the strength providing cal-
cium bearing phases are affected in that zone.

• Carbonation from 0.4 to 1.2 mm depth as a 
result of the ingress of moisture containing dis-
solved CO2.

• Portlandite depletion up to 3 mm depth as a 
result of leaching.

4.4 Rate of deterioration

As a result of the insufficient data and varying 
concrete and water parameter it has so far not 
been possible to assess the rate of  deterioration. 
 However, the concrete mixes specified and designed 
for all four reservoirs would have satisfied the 
XA3 requirements of DIN 1045-2 and SR1, SR2 
and SR4 would have justified the more stringent 
requirements of BS EN 206 for XA3.
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To obtain more data and to assess the suscep-
tibility of varying concrete mix designs, which are 
supposedly more demanding than the minimum 
XA3 exposure conditions, a testing regime was 
identified. This comprised the manufacture and 
immersion of concrete cubes into the drinking 
water service reservoirs which are specified to have 
the following parameters as outlined in Table 7.

The w/c-ratio was chosen to be 0.35 and 0.45 with 
a cement content of 380 kg/m3 using OPC, CEM 
II/B-V and CEM III/A. Two additional mixes were 
selected of which one has a higher cement content 
of 420 kg/m3 CEM III/A and the second represents 
the requirements of BS EN 206 and BRE SD1.

Higher cement contents and lower w/c-ratios 
were not selected to identify mixes that can be 
easily specified and designed on the majority of 
projects. 2 No. cube specimens were produced for 
each mix and reservoir to obtain representative 
results within the space available.

The cube samples were cured in a standard site 
manner and washed prior to initial testing and 
immersion. The testing included the determination 
of the weight loss and dimensions at the initial test-
ing and at 3, 6, 12 and 24 months. The testing pro-
cures are highlighted in the following sections.

4.4.1 Weight
The weight of each cube is determined in Saturated 
Surface Dry (SSD) conditions prior to immersion 
and at the defined inspection dates. The cubes are 
cleaned from any surface erosion products/ softened 
concrete and then weighted.

4.4.2 Dimensions/erosion
The section loss of the cubes is determined by 
measuring the 3 No. opposite faces at a minimum 
of 5 No. representative locations. The depth of 
erosion is specifically determined at one face where 
3 No. stainless steel pins are inserted into the cube 
in a triangular arrangement. The erosion is meas-
ured at 1/3 and 2/3 positions between the pins to 
obtain at least 6 No. results from each cube.

4.4.3 Petrographic analysis
Petrographic analysis is performed at representa-
tive specimens to determine the deterioration 
progress into the cement matrix. The overall depth 
of deterioration comprising the loss of cover zone 
due to erosion and depth of paste alterations 
due to ingress of aggressive water can then be 
determined.

5 DISCUSSION AND CONCLUSIONS

Recently constructed service reservoirs have been 
affected by concrete deterioration within a relative 
short time period. The deterioration was observed 
as softening of the surface cover zone and was con-
firmed by petrographic analysis to be the result of 
ingress of moisture containing dissolved carbon 
dioxide resulting in mild acid attack. The extent of 
surface softening has yet to be quantitatively iden-
tified but the modifications to the cement paste are 
up to a depth of 3 mm. The deterioration progress 
has been found to show three distinct zones:

• Zone 1 (outer zone): Zone of substantial poros-
ity enhancement and calcium depletion where 
Portlandite and the strength-providing calcium-
bearing phases are attacked by carbonic acid.

• Zone 2: Zone of carbonation where ingressing 
moisture containing dissolved carbon dioxide 
reacts with dissolved calcium hydroxide.

• Zone 3 (inner zone): Portlandite as the most 
soluble cement hydration product is dissolved by 
the ingress of aggressive water causing leaching 
of Ca(OH)2.

The aggressiveness of the water was initially 
assessed by determining the Langlier Saturation 
Index (LSI), the Ryznar Stability Index (RSI), 
the Calcium Carbonation Precipitation Potential 
(CCPP) and the Water Hardness. The LSI, RSI 
and CCPP indices gave inconclusive results, indi-
cating that the water at SR2 and SR3 is moder-
ately aggressive (LSI) but still oversaturated at SR3 
based on the RSI consistent with non-dissolving 
characteristics. Furthermore, according to Thresh 
et al., the Total Water Hardness (ppm CaCO3) indi-
cates slightly hard, i.e. scaling, water (100–150 ppm 
CaCO3). However, erosion, i.e. dissolving proper-
ties, was observed at one reservoir within a year of 
construction. The pH was generally greater than 
7.2 and did not undergo conclusive changes from 
inlet to outlet.

Hence, the water assessment was carried out 
based on the alkalinity (mg/l CaCO3) that appeared 
to represent the deterioration observations to date. 
The aggressiveness of the water was identified to 
be higher the lower the alkalinity. Therefore the 
aggressiveness was categorized as follows:

Table 7. Concrete mixes to be investigated.

Mix w/c-ratio
Cement content 
[kg/m3] Cement type

1 0.35 380 CEM I
2 0.35 380 CEM II/B-V
3 0.35 380 CEM III/A
4 0.45 380 CEM I
5 0.45 380 CEM II/B-V
6 0.45 380 CEM III/A
7 0.45 420 CEM III/A
8 0.45 360 CEM III/B

ICCRRR15_Fullpaper_Book.indb   80ICCRRR15_Fullpaper_Book.indb   80 8/27/2015   9:08:35 AM8/27/2015   9:08:35 AM

  



81

• Extremely aggressive water at SR1 (alkalinity: 14 
mg/l CaCO3/total hardness: 22 mg/l CaCO3);

• Highly aggressive water at SR2 (55 mg/l CaCO3/ 
130 mg/l CaCO3);

• Slightly to moderately aggressive water at SR3 
(131 mg/l CaCO3/ 192 mg/l CaCO3); and

• Non-aggressive water at SR4 (198 mg/l CaCO3/ 
292 mg/l CaCO3).

The cause of deterioration was found to be 
aggressive and undersaturated low alkaline water. 
It should be noted that these are initial conclusions 
based on the concrete mixes used during construc-
tion, water data and investigation findings to date 
as represented in Table 8. Conclusions regarding 
the susceptibility of different concrete mixes can-
not yet be drawn. As a consequence, a comprehen-
sive investigation regime has been initiated.

The 5 No. concrete mixes used at the 4 No. 
reservoirs were supposed to be more resistant to 
chemical attack/aggressive water than the mini-
mum requirements for XA3 in accordance with BS 
EN 206 except the concrete of SR3. Assessing the 
data the water at SR3 does not appear to be par-
ticularly aggressive and could be classified as mod-
erately aggressive conforming to an XA2 exposure 
class. Deterioration was however observed and 
confirmed.

The service reservoir exposed to the potentially 
most aggressive water, with an alkalinity of about 14 
mg/l CaCO3, supposedly had the most resistant con-
crete mix with 460 kg/m3 CEM III/A and a w/c-ratio 
of 0.45. The petrographic analysis, however, showed 
that attack has commenced with signs of a 2.5 mm 
zone of carbonation within submerged concrete.

In this investigation it has been proposed that 
water aggressiveness is categorized based on the 
alkalinity in ranges of:

• Extremely aggressive: ≤ 50 mg/l CaCO3;
• Highly aggressive: >50 and ≤ 100 mg/l CaCO3;
• Moderately aggressive: >100 and ≤ 200 mg/l 

CaCO3;
• Non-aggressive: >200 mg/l CaCO3.

Concrete specimens are produced and immersed 
into the reservoirs so that the overall deterioration 
rate and susceptibility is assessed to identify more 
appropriate exposure classes and resistant concrete 
mixes. The investigation will also provide more 
details on the effects of the calcium content, total 
hardness, pH and of the aggressive carbon dioxide 
content.

Final conclusions and recommendations with 
respect to the recommendations provided in EN 
206 for the chemical attack classes cannot yet 
be given. It is, however, evident that the current 
requirements are not sufficient and that EN 206 
may need to be reviewed or amended in light of 
recent findings and observations.
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Table 8. Concrete deterioration depending on mix design and water aggressiveness.

SR1 SR2 SR3 SR4

Cast in-situ Cast in-situ Precast Cast in-situ Cast in-situ

Cement [kg/m3] 460
CEM III/A

Min 360
CEM III/A+SR

Min 380
CEM III/A+SR

340
CEM II/B-V

380
CEM I

w/c-ratio 0.45 0.45 0.4 0.45 0.45–0.5
Alkalinity [mg/l CaCO3] 14 55 55 131 198
Total hardness 

[mg/l CaCO3]
22 130 130 192 292

Age [years] 3 1 1 15
Deterioration Carbonation of 

outer zone
Surface 

softening
Surface 

softening
Surface 

softening
No 

deterioration
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ABSTRACT: Chloride ingress through diffusion is a major deterioration mechanism, making it vital to 
account for it in Service Life Prediction (SLP) frameworks. However, most SLP frameworks have limited 
provisions for the estimation of the chloride diffusion coefficient (Dchloride), a parameter with substantial 
influence on the chloride induced corrosion initiation. Developing a model for Dchloride based on raw mate-
rial characteristics and mixture proportions can help in the selection of materials during the planning 
phase of projects. This article presents the development of models for the estimation of Dchloride based 
on 42 datasets collected from literature. First, the predictor variables were identified. Then, a diagnostic 
study was conducted to investigate the influence of each variable on Dchloride. Then, models that relate 
Dchloride to the significant variables were developed. These models have Mean Absolute Percentage Error 
(MAPE) equal to 3.77% and Weighted Absolute Percentage Error (WAPE) equal to 1.59%, indicating 
reasonably good predictions of Dchloride.

model development is presented. Following this, 
discussions on various factors influencing Dchloride 
are presented. Then, discussions on the data base 
generated and model development are provided. 
The statistics of the developed model are also 
presented.

2 SERVICE LIFE PREDICTION MODELS

This section presents, in brief, five existing service 
life prediction models (i.e. CHLODIF++, Clin-
Conc, STADIUM®, LIFE-365™ and DuraCrete) 
and the equations for Dchloride. Following is the dis-
cussion on the basis of evaluation, advantages and 
the disadvantages of these models.

2.1 CHLODIF++

CHLODIF++ has been developed for new struc-
tures, for which the data on Dchloride is not available 
(Oslakovic et al. 2012). In this model, Dchloride at any 
time t is modelled as follows.
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1 INTRODUCTION

The durability of a Reinforced Concrete (RC) 
structure depends upon its interaction with numer-
ous environmental degradation factors (ISO 
15686-1:2000). The ingress of ions, liquids or 
gases present in the service environment into the 
structure can have highly deleterious effects on 
the durability of concrete structures. For instance, 
the presence of chlorides or carbon dioxide at the 
steel-cementitious interface would depassivate the 
steel in concrete, and in the presence of oxygen and 
water, steel can corrode (Mehta and  Monteiro). 
Service Life Prediction (SLP) models are an alter-
native to the existing prescriptive approach to 
design. In general, these models take into account 
the exposure conditions and the material charac-
teristics while assessing the comparative perform-
ances of various material systems in the structure. 
Suitable assumption/estimation of the complex 
input parameters is a huge concern in service life 
prediction. One such complex parameter is chlo-
ride diffusion coefficient (Dchloride). Dchloride can be 
estimated based on the raw material characteristics 
and mixture proportions. This study aims at devel-
oping a probabilistic model for Dchloride such that it 
will ‘complete’ the SLP framework, thereby allow-
ing service life prediction during the actual plan-
ning stage.

Remainder of this paper presents a quick review 
on the Dchloride models used in various SLP frame-
works. Then, the significance of this research and 
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is Dchloride based on w/c ratio, finite is the coefficient 
accounting for chemical and mineral admixtures, t 
is the age of the structure and m is the age factor. 
CHLODIF++ takes into account the effects of sev-
eral parameters such as water-to-cement ratio, the 
concentration of mineral and/or chemical admix-
tures and super plasticizers, relative humidity, tem-
perature, age of the structure, and the details of 
curing as well as cracking in predicting the serv-
ice life of a structure. Hence, it can be concluded 
that CHLODIF++ has quite a comprehensive set 
of input variables. However, the Dw/c component, 
which is the initial prediction of Dchloride, relies only 
on w/c. This simplistic assumption, unless carefully 
made, might lead to inaccuracies in prediction.

2.2 ClinConc

ClinConc is an advanced SLP model which takes 
into account convection, multi-ionic characteris-
tics etc. in addition to the diffusion mechanism in 
modelling the ingress of chlorides (Tang 2008). It 
is based on a finite difference approach and uses 
directly measurable data as input. ClinConc con-
siders only the diffusion of free chlorides into the 
concrete and therefore, to model the ingress it fol-
lows a two-step procedure. The ingress of free chlo-
rides is modelled through Fick’s second law and 
the distribution of total chlorides (into ‘free’ and 
‘bound’ parts) is calculated on the basis of mass 
balance equations in combination with non-linear 
chloride binding models. In this model, Dchloride is 
defined as follows:
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where, D0 is the initial apparent diffusion coeffi-
cient, αt is the time dependent factor for chloride 
binding, Kb is the binding factor, kTD and kTb are 
the temperature factors for diffusion coefficient 
and chloride binding, kOH is the factor describing 
the effects of alkalinity, fb and βb are chloride bind-
ing coefficients, cs is the free chloride concentration 
in the surrounding environment and D is the dif-
fusion coefficient from laboratory tests 6 months 
after the start of exposure. In addition to a very 
detailed and elaborate prediction methodology, 
ClinConc also offers separate treatment of mate-
rial properties and exposure environment as an 
advantage. However, it has its own limitations. It 
was initially developed for submerged structures, 
which remain in continuous contact with seawater 
and therefore, has to be modified for application in 
the air borne chloride scenario.

2.3 STADIUM®

STADIUM® (Software for Transport And Deg-
radation In Unsaturated Materials) is a concrete 
SLP model which uses time step finite element 
analysis to simulate the ingress of deleterious ions 
(including chlorides) in conjunction with certified 
lab testing to determine the service life of exposed 
reinforced concrete structures. STADIUM® con-
siders the chemical and physical properties of the 
concrete and the effect of chloride binding in deter-
mining the transport properties of the 20+ concrete 
mixtures that it was developed for.  STADIUM® 
is a commercial software package developed by 
SIMCO Technologies and is extensively used by the 
United States Navy in its port expansion projects. 
Being a commercial project is one of the biggest 
limitations of STADIUM® since its source code, 
governing equations and framework are not avail-
able (i.e. not an open-source software) for review 
and evaluation.

2.4 LIFE-365™

LIFE-365™ was developed by the Strategic Devel-
opment Council of the American Concrete Insti-
tute through LIFE-365 consortiums I and II; and 
is one of the most widely used SLP models (Life-
365 2012). It is freely available on the Internet as a 
software package. It predicts the time to initiation 
of corrosion using a finite difference approach to 
Fick’s 2nd law. Dchloride is considered to be time and 
temperature dependent and is modelled in the fol-
lowing manner.
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where, D(t,T) is the diffusion coefficient at time t 
and temperature T, m is the age factor (also known 
as the diffusion decay, as defined in equation 4), 
Dref is the diffusion coefficient at reference time 
tref = 28 days and reference temperature Tref = 293 K, 
U is the activation energy of the chloride diffusion 
process (35000 Jmol−1) and R is the universal gas 
constant (Life-365 2012).
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where %FA and %SG are the percentages of fly-ash 
and slag in the concrete, respectively. LIFE-365™ 
has become widely used because of its user friendly 
interface, free availability and comprehensiveness. 
In addition to predicting service life based on user 
input, LIFE-365™ also generates several reports, 
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and suggests maintenance and repair plans. LIFE-
365™ is limited by the simplifications and assump-
tions it makes to deal with complex phenomena. 
Additionally, it is developed specifically for use in 
North America based on a database collected pri-
marily from North America. This limits its reliable 
use in other locations in the world.

2.5 DuraCrete

DuraCrete is complete performance based design 
tool, in addition to being a probabilistic SLP 
framework. It uses the concepts of  reliability 
index and explicit performance requirements to 
overcome several limitations of  the conventional 
prescriptive design frameworks. Unlike the other 
models discussed so far, which try to predict a 
single value of  the time to initiation of  corrosion, 
DuraCrete defines a serviceability limit state and 
calculates the probability of  that limit state being 
reached. All of  this can be done at user selected 
levels of  reliability (DuraCrete 1999a). DuraCrete 
proposes to use Dchloride directly measured using 
compliance laboratory tests or models a time 
dependent variation through simple power func-
tions to arrive at an apparent diffusion coefficient, 
Da(t) as follows:

D D
t
ta aD D ex

n

( )tt = ( )tex × ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

 (6)

where, Da(t) is the function describing the observed 
time dependent variation of the apparent Dchloride, tex 
and t are, the times at first exposure and the inspec-
tion time, respectively, and n. is the age factor. The 
DuraCrete framework, like many others, accepts 
Dchloride as an input value that has to be derived 
from one of the compliance tests mentioned in the 
project report titled ‘Compliance Testing for Prob-
abilistic Design Purposes’ (DuraCrete 1999b).

3 RESEARCH SIGNIFICANCE

The existing service life prediction frameworks suf-
fer from insufficiencies that hinder their purpose 
of enabling careful selection of materials during 
the planning and design phase. For example, one 
of the major inadequacies of the LIFE-365™ 
framework is its incapability to accurately estimate 
Dchloride based on mixture proportions and/or field 
tests. While others like DuraCrete accept Dchloride as 
an input value obtained from a laboratory test.

Despite being carefully selected on the basis of 
short testing time and high accuracy of results, 
compliance tests are time taking and do not allow 
complete freedom of quickly trying a number of 

combinations. This problem is further accentuated 
by the shortage of laboratories capable of conduct-
ing compliance tests in developing nations where 
construction is booming. The fact that codes do 
not mandate compliance tests coupled with the 
problems faced in conducting them has resulted 
in tests not being carried out altogether. This issue 
can be addressed through the development of a 
probabilistic model for preliminary assessment of 
concrete systems that relates Dchloride with the mix-
ture proportions and raw material characteristics. 
The model should be capable of accommodating 
the developments in raw materials. A way of doing 
this is to incorporate the physical properties and 
chemical composition of the raw materials into the 
model. The beauty of this approach is that these 
data can be obtained from the material manufac-
turers. The developed model will thereby allow for 
the selection of durable concrete systems from the 
various material options available during the plan-
ning stage of projects itself.

4 DATABASE AND STATISTICAL 
MODELLING

As a first step in modelling Dchloride, diagnostic plots 
are developed to explore the effect of each  variable. 
Then using an engineering understanding of the 
diffusion process and mathematical principles, 
the variables are classified as “critical” and “non-
 critical” variables. Then a probabilistic model is 
formulated using the critical variables.

4.1 Database generation

One of  the most challenging aspects of  develop-
ing a probabilistic model for Dchloride was collecting 
data for modelling. An attempt was made to gen-
erate a fairly large and comprehensive database 
containing Dchloride and all variables that might 
possibly affect it. About 40 literature articles on 
Dchloride were extensively reviewed. Most other arti-
cles were incomplete due to the lack of  data on 
raw materials characteristics. Only three articles 
were found to have complete data on raw material 
characteristics, mixture proportions and Dchloride, 
which are required for the modeling purposes 
defined in this article. These are Audenaert et al. 
2010, Leng et al. 2000, and Ramezanianpour et al. 
2014 from Belgium, China, and Iran, respectively. 
The developed database contains 48 cases each 
with 17 fields. These include both normal and 
special types of  concretes. The database has also 
been designed to accommodate concrete mixes 
containing fillers, pozzolans and  superplasticizers. 
Several cases of  this type have also been identified 
and recorded.
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4.2 Critical variables

Cement hydration mechanisms and diagnostic 
plots indicate that the w/b, specific surface area of 
binder, SiO2 and CaO contents in the binder are 
important variables affecting the chloride diffusion 
coefficient. The possible relationships between 
these variables and the chloride diffusion coeffi-
cient are as follows.

4.2.1 Water-to-binder ratio (w/b)
This is defined as the ratio of the water content per 
unit volume of concrete to the total binder content 
per unit volume of concrete. It is also responsible for 
hydration of cement and the formation of C-S-H 
gel. The available reaction front and its movement 
define the properties of the C-S-H matrix through 
which chlorides diffuse later. w/b has the strong-
est correlation with diffusion coefficient among all 
variables considered. This is illustrated in its main 
effect diagnostic plot (Fig. 1).

4.2.2 Specific Surface Area (SSA)
Specific surface area of the binder was taken as the 
weighted mean of the specific surface area of each 
of the binder components (say, Portland cement, 
fly ash, etc.). Only Portland cement, fly ash and 
slag were considered while developing this model 
but the concept is applicable to other materials as 
well. Materials with high specific surface such as 
silica fume, metakaolin etc. generate fairly imper-
vious binder matrices. An inverse relationship is 
expected between specific surface area and Dchloride.

4.2.3 SiO2 content
SiO2 content in binder was taken as the weighted 
mean of the SiO2 contents of each of the binder 
components (say, Portland cement, slag, etc.). SiO2 
is the S component of the C-S-H gel reaction front, 

the importance of which has been discussed previ-
ously. The main effect plot of the SiO2 is presented 
in Figure 2. The main effect shows a strong trend 
such that it can potentially become exponential 
through interactions with other variables.

4.2.4 CaO content
CaO content in binder was taken as the weighted 
mean of the CaO contents of each of the binder 
components. CaO is the C component of the C-S-H 
gel reaction front. On a close analysis of the data, 
it was found that SiO2 and CaO in combination 
make up a large percentage of the chemical com-
position of the binder and this percentage remains 
fairly constant—for the modelling purposes. For 
the collected data, the mean of SiO2 + CaO con-
tent is 81.71% with a standard deviation of 2.73%. 
Because of this reason, CaO has not been included 
in the model as a separate term once SiO2 has 
already been considered. SiO2 was preferred over 
CaO because of a stronger visible trend between 
Dchloride and SiO2.

4.3 Variable properties

It was observed that two distinct groups of cases 
existed in the database. The first group was com-
prised of data from Ramezanianpour (2014), and 
was characterized by Dchloride greater than 10 × 10−12 
m2/s. The second group consisted of data from 
Audenaert (2010) and Leng (2000), and all but one 
values of Dchloride were less than 10 × 10−12 m2/s.

Table 1 shows the ranges of each of the criti-
cal predictor variables. It can be seen that the SiO2 
content is more or less similar for each data source 
and therefore, ranges overlap. However, the exist-
ence of two distinct groups can be explained on 
the basis of w/b and specific surface area values. 
Both high w/b and low specific surface area  values 

Figure 1. Diagnostic plot on the main effect of w/b on 
DChloride—a possible exponential trend.

Figure 2. Diagnostic plot on the main effect of SiO2 
content in binder on Dchloride.
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result in high values of Dchloride. This is because in 
both these situations, the cement paste is quite 
porous and therefore, offers less resistance to the 
ingress of chloride ions. For this reason, two differ-
ent models were developed for two different SSA 
groups (< and ≥345 m2/kg). Group Low Specific 
Surface Area (LSSA) consists of cases with SSA 
less than 345 m2/kg (least of all high specific sur-
face area cases) and group High Specific Surface 
Area (HSSA) consists of cases with SSA greater 
than or equal to 345 m2/kg.

4.4 Non-critical variables

Initially, two groups of variables were formed 
based on the fields present in the database. The first 
group on ‘mix proportions’ included w/b, water, 
%cement, %fly ash, %slag, % filler, % fine aggre-
gate, % coarse aggregate and binder-to-aggregate 
ratio. The second group on ‘raw materials charac-
teristics’ included chemical composition, specific 
surface area and density of the binder. Following 
this, the critical variables were identified based on 
the C-S-H matrix theory. Diagnostic plots were 
prepared for all variables to explore any potential 
relations. Most variables were rejected because of 
their poor correlations with Dchloride, Chemical con-
stituents other than SiO2 and CaO were present in 
small amounts and are not known to have promi-
nent effect on Dchloride. The percentage content 
of individual binder components (say, Portland 
cement, slag, etc.) would have been important 
had weighted mean not been considered for deter-
mining the effective chemical composition of the 
binder mixture. But, since weighted mean has been 
considered, inclusion of these is not necessary. If  
more information about the aggregates had been 
available, the aggregate percentages could have 
been utilized. For this study, with the C-S-H reac-
tion front approach, these have been left out.

5 PROBABILISTIC MODELLING

5.1 Assumptions and limitations

The following assumptions have been made while 
developing the probabilistic model for estimating 
Dchloride.

• Specific surface area, SiO2 content and CaO con-
tent of the binder are the same as the weighted 
mean of the raw material characteristics of each 
of the binder components.

x x p x p xbinder Cp Cp Cp Cn nC C= +p xCp + +
1 1CC C 2 2CC C

where, x is specific surface area, SiO2 content or 
CaO content; n is the total number of ingredi-
ents of binder; p is percentage; and Ci is binder 
ingredient (say, Portland cement, fly ash, etc.)

• The model is based on data collected from con-
crete mixtures and therefore, is not valid for 
mortars.

• The model is based on binders that contain either 
only Portland cement, Portland cement and fly 
ash or Portland cement and slag. Therefore, 
the model is not applicable for concrete mixes 
containing other Supplementary Cementitious 
Materials (SCMs).

5.2 Model form

A model form was developed based on the main 
effects and 2-way as well as 3-way interactions of 
the predictor variables. As a first step, specific sur-
face area and%SiO2 content in the binder were nor-
malized to bring each predictor variable in the [0,1] 
range. This was done to properly capture the effect 
of each individual variable on Dchloride.  Without 
normalizing, predictor variables with high abso-
lute values (such as specific surface area) tend to 
bias the model and decrease its effectiveness and 
scope. A maximum Specific Surface Area (SSAmax) 
of 500 m2/kg was assumed for normalization 
 process. The upper limit has been selected based 
on the consideration that the model is being devel-
oped for concretes mixes containing only Portland 
cement, fly ash and slag, for which typical values 
of specific surface area are ≤500 m2/kg. Another 
variable, SiO2 content was expressed as percentage 
and therefore, has been normalized through divi-
sion by 100.

Diagnostic plots were prepared for the 2- 
and 3-way interactions between the predictor 
 variables. Only HSSA data were used for this 
purpose, mainly because the number of  data 
sets in LSSA were too few to observe any trends. 

Table 1. Ranges of critical predictor variables, sorted according to database groups.

Group Data source w/b SiO2 content (%) SSA (m2/kg)

LSSA Ramezanianpour (2014) 0.35 to 0.45 21.0 to 36.5 280 to 290
HSSA Audenaert (2010) 0.37 to 0.60 19.5 to 26.0 345 to 465
HSSA Leng (2000) 0.26 to 0.35 21.0 to 39.0 360 to 460
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However, it should be noted that the model form 
remains the same for both HSSA and LSSA mod-
els; only the coefficients change based on the data 
used for calibration, for which both HSSA and 
LSSA data were sufficient. Diagnostic plots were 
prepared to understand the existing trend and 
transform variables such that the trend resembles 
an exponential curve. The interactions were of 
the form X Y X Y: ~Y α γX YX β δYYY . The MATLAB™ 
code used for model calibration executes faster if  
the values provided initially are close to the final 
value. For this purpose, starting values of  β and δ 
were obtained through an approximate best expo-
nential fit (Fig. 3). It should be noted that the val-
ues of  β and δ so obtained only serve as starting 
reference points for the MATLAB™ calibration 
code and do not affect the final outcome in any 
way. The values of  α and γ were kept constant 
and equal to 1. Final values for α and γ can be 
obtained through the calibration code.

After obtaining a reasonable estimate of the 
power terms in a 2-way interaction between SiO2 
content and specific surface area, a 3-way interac-
tion term of the form w/bθ1 × (SSAbinder/SSAmax)θ2 × 
pSiO2

θ3 was developed. A procedure similar to the 
2-way interaction optimization was followed to 
obtain the value of each θ for a good fit. The inter-
action effect of w/b (SSAbinder/SSAmax)−0.4 × pSiO2

−1 
for Group HSSA cases resulted in a coefficient 
of determination (R-squared) value of 0.86 when 
an exponential trendline was fitted to it (Fig. 4). 
This was the highest R-squared value among all 
manually tried combinations of θi. These values 
were taken as the initial reference values for the 
MATLAB™ calibration code. It was also noticed 
that for all interaction products, the value of θ1 
remained constant and equal to 1. As a result, the 
following model form has been developed.
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 (7)

5.3 Model calibration and assessment

The database of 48 cases was screened for outliers 
and 6 cases were removed. The model was cali-
brated using the remaining 42 cases. Calibration 
was done through a maximum likelihood estima-
tion MATLAB™ code (Gardoni 2009). This code 
provides the estimates for each θi along with the 
standard deviation and coefficients of variation 
for each (Table 2). The code algorithm is designed 
to minimize the residual sum of squares. It should 
be noted that the Coefficient of Variation (COV) 
is a statistical quantity obtained for a particular 
dataset, can be changed and therefore, should not 
be used to evaluate the model. For example, COV 
can be reduced by the inclusion of a large number 
of closely spaced high leverage points in the low 
Dchloride range (as ellipsed in Fig. 4). The removal 
of these cases during calibration results in higher 
COV (0.16 and 0.03, respectively for θ0 and θ1, 
in group HSSA) but the Maximum Likelihood 

Figure 3. HSSA Group—Interaction effect of (SSAbinder/
SSAmax)−1pSiO2

−1 obtained by varying values of β and δ, 
and visually analyzing goodness of fit.

Figure 4. HSSA Group—Interaction effect of w/b, spe-
cific surface area and SiO2 content in binder.

Table 2. Maximum Likelihood Estimates (MLE) model 
parameters.

Group Statistic θ0 θ1

LSSA MLE 4.95 −0.60
Standard deviation 0.26 0.02
Coefficient of variation 0.05 0.03

HSSA MLE 0.24 −0.95
Standard deviation 0.04 0.02
Coefficient of variation 0.15 0.02
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 Estimates (MLE) remain similar in magnitude. In 
summary, large COV values (>0.3) might indicate 
problems with the MLE, but otherwise, instead of 
COV, quantities such as model error and MAPE/
WAPE, as discussed later, should be used to evalu-
ate the model.

The two final probabilistic models developed 
for estimating Dchloride are given in Eq. (8a) and Eq. 
(8b).

LSSA model for SSAbindeA r < 345 2m k2 g/kk
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HSSA model for SSAbindeA r ≥ 345 2m k2 g/
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Figure 5 illustrates the goodness of fit of the 
model. It can clearly be seen that most data points 
fall inside one standard deviation. The high lev-
eraging effect of data cases with Dchloride < 2 (low 
range) can also be seen.

The posterior mean of the standard deviation, 
σ, of  the model error can be used to evaluate the 
accuracy of the developed model. The values of 
σ for the developed LSSA and HSSA models are 
0.8741 and 0.7813, respectively. To provide a more 
intuitive measure of the model accuracy, the Mean 
Absolute Percentage Error (MAPE) is also calcu-
lated for the LSSA model. The MAPE can be seen 
as the average error in the model expressed as a 
percent of the measured value and can be math-
ematically expressed as follows.
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where, Di,predicted is the value of Di,chloride predicted 
using the model developed and D28 is the value 
obtained from literature. The ‘i’ represents the 
individual data. The MAPE for the LSSA model 
is 0.0377. The MAPE has not been calculated for 
the HSSA model, because of the presence of a 
large number of Dchloride < 1 m2/s cases in the HSSA 
database. The presence of small denominators 
can create a singularity problem. For such series, 
Weighted Absolute Percentage Error (WAPE) is 
a better estimate than MAPE. The WAPE can be 
mathematically expressed in Eq. (10).

Figure 5. Correlation between the observed and pre-
dicted data on Dchloride for the (a) LSSA and (b) HSSA 
models.
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where, the terms are as defined in Eq. (8). In sum-
mary, the MAPE of 0.0377 for LSSA model and 
WAPE of 0.0159 for HSSA model indicate that 
these models can make reasonably good predic-
tions of Dchloride.

6 CONCLUSIONS

Based on 42 data sets, collected from literature, 
on chloride diffusion coefficient, raw material 
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 characteristics of binders, and mixture proportions, 
a probabilistic model (Eq. 11) was developed.
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where,
if

SSAbindeA r < 345 4 95 0= − 602
0 1k2 g the/ ,kg . ;60θ = 4 950 1= 4 9595  

and if

SSAbindeA r ≥ 345 0 24 0= − 952
0 1k2 g the/ ,kg .θ = 0 240 1= 0 2424

A comprehensive and larger database for Dchloride 
needs to be developed and the model should then 
be recalibrated and made more robust using the 
newly acquired data.

Although significant amount of literature exist 
on durability performance of various concrete sys-
tems, most of the available data sets are incomplete 
(i.e., data on raw material characteristics and mix-
ture proportions are not available). This empha-
sizes the need to include data on raw material 
characteristics, mixture proportions, mixing pro-
cedures, porosity, etc. in the scientific publications 
on strength and durability of concrete  systems. 
Such data sets would help developing more useful 
models for service life prediction.
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ABSTRACT: Concrete pavements underlie climatic and interfering mechanical impacts as well as 
additional stresses resulting from construction conditions or the construction method. An Alkali- Silica 
Reaction (ASR), on the other hand, leads to expansion and strain. These two combined load cases may 
cause cracking. The aim of this work is to investigate the macroscopic behaviour of the different exposures. 
For this purpose an appropriate numerical model has to be developed, which allows describing the com-
plex interactions. By means of extensive experimental fracture mechanical examinations the temporal 
change of strength and deformation of concrete due to ASR is investigated. Based on this work, it will be 
possible to develop suitable measures to reduce the risk of cracking and possibly to prevent any damage 
in the future.

The chemical and mineralogical processes that 
occur in an ASR have already been described in 
many works. Research concerning a change of 
material properties and cracking-mechanisms, 
on the other hand, is quite rare or incomplete 
(Bödeker 2003).

So far, above all, optical methods or ultrasonic 
transit time measurements have been used to 
ascertain the influence of ASR and the subsequent 
changes of the concrete structure. Mechanical 
parameters of damaged concrete are determined 
by conducting compression tests on drilling cores. 
This allows deducing the possible residual strength 
of drilling cores, which have been stored in an ASR-
provoking environment. Up to now, this approach 
has solely been used to estimate the compression 
strength. Softening, on the other hand, cannot be 
predicted by these means. Using drilling cores is 
not sufficient to deduce the behaviour of an entire 
building element or concrete inside of a building. 
Additional influences are the age of the concrete 
and the duration of ASR. Depending on the test-
ing age, changes of the frequency and formation of 
cracks occur. This leads to significant scattering, 
which even increases with increasing testing age 
(Bödeker 2003).

Thus, the deduction of results determined on 
drilling cores onto a building element is limited. 
Besides, there is no description of the determination 
of fracture-mechanical parameters such as fracture 
energy, tensile strength, stress- deformation behav-
iour of ASR-damaged concrete known. These 
parameters are essential for a realistic calculation 

1 INTRODUCTION

In recent years, some cases of damage to concrete 
pavements have occurred in the German motorway 
network, which are attributed to an ASR. These 
damages and the related drastic degradation of 
durability have led to a strong increase in activity 
in this research area. In Germany, repairing dam-
age caused by an ASR costs millions of euros year 
over year.

Figure 1 shows a typical damage as a result of 
ASR. The advanced damage is characterised by 
longitudinal cracks in the concrete pavement.

ASR in concrete means a reaction of aggregate-
components with alkalis in the pore water. In this 
reaction, an alkali-silica gel is formed. This gel is 
able to swell, the increasing volume leads to crack-
ing and finally to a concrete damage (Stark 2013).

Figure 1. Advanced stage of ASR-damage with longi-
tudinal cracking in the concrete pavement.
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of formation of meso- and macroscopic cracks 
with the Finite Element Method (FEM).

In order to describe the behaviour of ASR-dam-
aged concrete, numerous mathematical, numerical 
and rheological models have been used. Parts of 
these were developed using most simple boundary 
conditions. Thus, those are not suited for depicting 
the behaviour for realistic, complex conditions.

As part of a research project, which is pro-
moted by the Federal Highway Research  Institute 
(Bundesanstalt für Straßenwesen, BASt), 
numerical examinations have been conducted at 
the Institute of Concrete Structures and  Building 
Materials (IMB). Thereby, a higher damage risk 
on the upper side of concrete pavement slabs due 
to combined thermal-hygral stress and traffic load 
has been determined (Müller et al. 2010). An addi-
tional ASR may reduce the predominant tensile 
stress because of its expansion increase. However, 
a concurrent decrease in tensile strength due to 
internal damage may also result. In particular, 
the dominating effect could not be determined, 
because the decrease of strength and stiffness of 
concrete due to ASR is scientifically unclarified 
or non- quantifiable. Actual cases of damage show 
developing cracks but give no reasons. These shall 
be explored as part of the present project.

2 EXPERIMENTAL INVESTIGATIONS

2.1 Concrete raw materials 
and material characteristics

To describe the realistic resistance of concrete 
against cracking, the temporal change of strength 
and deformation properties of pavement concrete 
under ASR and possibly loading caused by traf-
fic is necessary. The investigation of these aspects 
is carried out as subproject six of research group 
DFG 1498 “alkali-silica reaction in concrete mem-
bers at simultaneous cyclic loadings and external 
alkali support”, which is funded by the DFG since 
2011. Apart from the Institute of Concrete Struc-
tures and Building Materials (IMB), Karlsruhe, 
the group consists of researchers of the follow-
ing institutes: Institute for Structural Mechan-
ics (RUB), Bochum, Chair of Building Materials 
Technique (RUB), Bochum, Federal Institute for 
Materials Research and Testing (BAM), Berlin, 
and F.A. Finger-Institute for Building Material 
Science (FIB), Weimar. The aim of the experimen-
tal investigations is to determine different fracture-
mechanical parameters of pavement concretes 
after enduring subsequent damage due to ASR. 
For this purpose, each individual subgroup pro-
duces reference specimens under the same condi-
tions with centrally provided source materials of 

pavement concrete (Table 1). These specimens are 
stored at 20 °C and 65% r.h. (reference storage) to 
ensure identical conditions for hydration.

Experimental investigations on various reference 
samples yield the compressive and tensile strength, 
the fracture energy, the Young’s modulus and the 
stress-deformation behaviour. Thus, the alteration 
of (fracture-) mechanical parameters of concrete, 
whose structure has been damaged by ASR, can be 
determined to a high precision.

The compressive strength fc and the Young’s 
modulus Ec0 are determined on cylindrical sam-
ples or drilling cores. The split tension test yields a 
characteristic value of the tensile strength of cylin-
drical specimen fct,sp. This enables comparing the 
samples to drilling cores of concrete pavements. 
Uniaxial tensile tests on constricted, bone-shaped 
specimens yield the direct tensile strength fct and 
the Young’s Modulus Ec0.

The extensive determination of fracture-
 mechanical parameters includes a description of 
the post-cracking behaviour. Notched prismatic 
specimens are suited best for these tests. For centric 
stress, notches are sawn on either side of the prism. 
The direct tensile test on these specimens yields 
the so called net tensile strength fct,n, the fracture 
energy GF and the force-deformation relation. Due 
to the unilateral stress during ASR-provoking stor-
age (thawing agent application, see below) it is as 
well suitable to determine the net flexural strength 
fct,fl,n and the fracture energy GF,f in a three point 
bending test on unilaterally notched beam shaped 
specimens. Provided that the force-deformation 
relation is known, the post-cracking behaviour 
can be determined. The deformation is usually 
recorded via inductive displacement transducers.

2.2 Pre-damage and ASR-provoking storage

Pre-damage of the specimens allows the deter-
mination of (fracture-) mechanical parameters. 
The damaging proceeds in different subprojects. 
Larger-sized beams are produced, stored and 
subsequently mechanically pre-damaged by cyclic 
stress. Afterwards, alkalis are applied by fulling a 

Table 1. Composition of the pavement concrete.

Setting Designation/value

Cement CEM I 42.5 N
Cement content [kg/m3] 360
w/c-ratio [–] 0.42
Aggregate Granodiorite and upper 

rhine crushed gravel
Grading curve A/B 22
Air pore content [vol %] 4.0–4.5
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thawing agent for example. From the lager-sized 
beams, smaller specimens are sawn or drilled 
and subsequently stored under different ASR-
 provoking conditions. The specimen dimensions 
are specified by the different storage conditions. 
A possible scenario is the fog chamber storage 
in accordance to the German Alkali Guidelines 
(Alkali-Richtlinie 2007). The specimens are stored 
at a constant temperature of 40 °C and 99% r.h. 
over a period of nine months.

An application of the performance testing (FIB 
cyclic climate storage test) allows a different ASR-
provoking storage. The specimens pass through 
various climatic exposure cycles, which include a 
drying phase at 60 °C, a moistening phase with fog 
and an alternating freeze-thaw phase. On the top 
side of the beam shaped prisms, a de-icing solution 
enables the penetration of alkalis (Stark 2013).

The aim of the experimental investigations is to 
determine the effect of different types of exposure 
and their influence on fracture-mechanical mate-
rial parameters. Therefore, parameters are deter-
mined gradually, after each load case respectively 
the grade of pre-damage, and finally for the load 
combination. These parameters are continuously 
compared to those of a reference concrete (Fig. 2, 
left branch, series 1). Within this approach, the 
complex exposure of real concrete shall be mod-
elled and analysed as realistically as possible.

Figure 2 shows the flowchart of the experimental 
investigations to determine the mechanical material 
properties after several exposures of the two differ-
ent series 1 and 2 (each open circle symbolizes an 

experimental determination of mechanical proper-
ties of the pavement concrete).

The procedures of preliminary damage and 
ASR-provoking storage as described so far allow 
the external supply of alkalis, but do not cause a 
homogenous damage over the specimens’ cross-
sections. Therefore, a second series of specimen 
made of pavement concrete with boosted cement 
(Fig. 2, right branch, series 2) is produced. These 
specimens are stored under ASR-provoking con-
ditions and tested after timed varying storage, as 
well. Within this method, the ASR is supposed 
to be homogenous over the cross-sections and 
the effect of the degree of damage under ASR-
 provoking storage on mechanical parameters can 
be quantified.

A comparing testing of the damage degree or 
characterisation with the aid of optical and physi-
cal methods (e.g. X-ray 3D-computed tomogra-
phy) scanning) allows the comparison of both 
series. These tests are conducted in collaboration 
with another subproject (Weise & Wiedmann 
et al. 2015). Besides, the extensive characteriza-
tion of damage is essential to transfer the devel-
opment of the damage-degree onto the temporal 
development of damage caused by ASR under 
practical conditions.

2.3 Determination of material properties 
after different impacts

Within the scope of this paper, the experimental 
determination of mechanical material param-
eters will be described using the example of the 
centric tensile test after two different types of 
loads (combination of loads). The acquirement 
of these parameters is essential to develop mate-
rial laws to describe the resistance of concrete in 
a macroscopic numerical model. As described in 
section 1, cracks occur when the tensile strength is 
reached. The remaining tensile strength is one of 
the relevant material characteristics which has to 
be determined.

At the age of 56 days, after production (series 2, 
internal alkali supply) and storage, the lager-sized 
(27 × 50 × 200 cm3) beams were tested in a four 
point bending test in the laboratories of the Fed-
eral Institute for Materials Research and Testing 
(BAM) in Berlin. The used loads caused a mechan-
ical pre-damage, which correspond to realistic con-
ditions of a concrete pavement. The test set-up and 
further information about the mechanical stress 
is described in detail in Przondziono et al. 2015, 
Weise & Wiedmann et al. 2015. Immediately after 
finishing the cyclic running four point bending test, 
small prismatic specimens (7.5 × 7.5 × 13.0 cm3) 
were obtained by sawing and send to Karlsruhe 
together with parallel stored reference specimens.

Figure 2. Flowchart of the experimental investigations 
to determine mechanical material properties in subject to 
the kind of pre-damage and the series 1 and 2.
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Figure 3 shows the schematic test set-up of a 
centric tensile test. The force introduction was real-
ised by stiff  and non-rotatable steel plates. Between 
both, the specimens were adhered with fast hard-
ening glue consisting of two components. This test 
set-up ensures a stable process to determine the 
smooth crack development over the cross section 
of the specimens.

The deformation of the specimens was measured 
at six different positions using inductive transduc-
ers (gauge length 50 mm). The deformation veloc-
ity was about 0.03 mm/min, which means that the 
duration of each test was 10 minutes. Before the 
test the prismatic specimens were bilateral notched 
with a depth of dn1 = 5.0 mm.

The experiments were carried out in order to 
study the effect of mechanical pre-damage on the 
mechanical properties of concrete. Based on the 
force-deformation relation, the two mechanical 
parameters of net tensile strength fct,n and frac-
ture energy GF were determined. Figure 4 shows 
the influence of a mechanically induced pre-
 damage on the mean stress-deformation relation 

of pavement concrete which was carried out as 
part of the DFG funded research group. Hence, 
the net tensile strength was reduced about 30 per 
cent due to the mechanically induced pre-damage. 
However, in contrast the fracture energy decreases 
only about 10 percent.

At least four successful experiments were the 
basis of both relationships. Further specimens of 
this series (series 2) will be stored within the scope 
of the 60 °C concrete prism test (Alkali-Richtlinie 
2007) with and without mechanically pre-damage. 
There the specimens are stored at 60 °C over water 
in tightly sealed containers in a test reactor. As 
described above, the same parameters have yet to 
be determined.

So far, the specimens of pavement concrete 
were not damaged due to ASR, but damaged as 
a result of a fatigue loading. To investigate the 
effect of a harmful ASR on the material proper-
ties of pavement concrete, a further lager-sized 
beam was produced in Bochum, mechanically 
pre-damaged in Berlin (in the cyclic running four 
point bending test) and afterwards tested in the 
FIB cyclic climate storage test in Weimar (FIB-
ccst). For that, water and a de-icing agent solution 
(NaCl) were used on the top side of the beams. In 
comparison with the obtained specimens for the 
60 °C concrete test so far, the measurements of the 
specimens (10 × 10 × 19 cm3, depth of the notch 
dn2 = 15.0 mm) were adapted to the standards of 
the FIB cyclic climate storage test (Stark 2013).

Figure 5 shows the experimental test set-up of 
the centric tensile test with six inductive displace-
ment transducers in the measuring frame. The pro-
cedure of the test corresponds to the one which 
was used for the smaller specimens. At least six 
specimens were used for every relationship.

Figure 6 shows the influence of a mechanically 
pre-damage and a harmful ASR on the stress-
 deformation relation in a centric tensile test.

First, only the influence of the mechanical pre-
damage will be considered. Hereby, the net tensile 
strength decreases about 20 per cent after mechan-
ical pre-damage with water on the top side of the 
beams. With a NaCl-solution on the top side of 
the beam, the mechanical pre-damage leads to a 
reduction of the tensile strength about 30 per cent 
after FIB-ccst.

Secondly, on the one hand, the net tensile 
strength of the pavement concrete (series 1) was 
reduced by almost 15 per cent due to an ASR, 
if  you compare just the storage in FIB-ccst with 
water and with NaCl-solution on the top side of 
the beam. On the other hand, if  you consider a 
mechanically pre-damage in combination with 
an ASR-provoking storage at FIB-KWL (using 
NaCl-solution), the tensile strength of the pave-
ment concrete is about 40 per cent lower than the 

Figure 3. Schematic figure of the experimental test 
set-up of the centric tensile test by using bilateral notched 
prismatic test specimens.

Figure 4. Influence of mechanically induced pre-dam-
age on the mean stress-deformation relation identified in 
the centric tensile test by using bilateral notched speci-
mens (7.5 × 7.5 × 13 cm3), notch depth dn1 = 5.0 mm.
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storage at FIB-ccst (using water on the top side of 
the beam).

The results of the FIB cyclic climate storage test 
(temporal development of expansions) for non-
damaged and pre-damaged specimens of series 1 
with water or NaCl-solution on the top side of the 
beams are depicted in Giebson 2015.

3 THEORETICAL AND ANALYTICAL 
INVESTIGATIONS

3.1 Formulation of material laws (resistance)

At first, material laws have to be formulated on the 
basis of the obtained experimental observations as 
part of theoretical-analytical analysis. This is abso-
lutely necessary to be able to implement the time—
and load-dependent stresses of concrete in terms 
of numerical calculations realistically. At this point 
the focus is on the influence of the internal dam-
age as a result of ASR and the associated impact 
on all mechanical material properties. To derive the 
formulation of constitutive equations a sufficiently 
broad basis of result data from the experimental 
studies must be available. With the help of these 
studies it will be able to make statements according 
to the impact of ASR on the change of the strength 
and deformation properties of the selected pave-
ment concrete.

3.2 Description of the influence

In a further step of the theoretical-analytical anal-
ysis, the quantitative description of the complex 
stresses of concrete pavements for the numerical 
analysis has to be considered. In this connection 
the quality of the selected stress scenarios affects 
the accuracy of the obtained numerical results. To 
describe the climatic conditions such as air tem-
perature and relative humidity, it can be referred 
to already existing records of the Institute of 
Concrete Structures and Building Materials. In 
this case, the focus is on the determination of the 
course of zero-stress temperature also considering 
the manufacturing period and the construction 
method. The traffic load will be estimated on the 
current state as a quasi-dynamic load on the basis 
of DIN-Technical report 101 (DIN-FB 101 2009).

4 NUMERICAL INVESTIGATIONS

Using numerical analysis, both the time-dependent 
material properties in connection with the realis-
tic display of the fracture mechanical behaviour 
of concrete influenced by the ASR (resistance), as 
well as the implementation of the complex stress 
scenarios (impacts) are realised. These eventually 
serve to analyse and predict the formation of mac-
roscopic cracks in the concrete pavement and to 
derive measures for damage reduction and preven-
tion in the future.

The numerical simulation is made using the finite 
elements program DIANA. For this purpose the 
numerical calculation model (Müller et al. 2010) 
developed at the Institute of Concrete Structures 
and Building Materials is refined. The composite 

Figure 5. Experimental test set-up of the centric tensile 
test by using bilateral notched prismatic test specimens 
(10 × 10 × 19 cm3, noth depth dn2 = 15.0 mm) after FIB 
cyclic climatic storage test.

Figure 6. Influence on the mean stress-deformation 
relation identified in the centric tensile test by using 
bilateral notched prismatic test specimens (10 × 10 × 19 
cm3) (with and without mechanically pre-damage) after 
FIB cyclic climatic storage test (FIB-ccst), notch depth 
dn2 = 15.0 mm.
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system of concrete carriageway shown in the model 
consists of concrete pavement, hydraulically bound 
base course, frost blanket course and corresponds 
to the standard structure of carriageways with con-
crete pavement according to RStO 12, see Figure 7.

Within the scope of the numerical analysis, pri-
marily the upper cross-section range of the concrete 
carriageway, the concrete pavement, is examined, 
whereas the calculation models to discretise consist 
of unreinforced pavement concrete. Figure 8 shows 
the principle structure of the regarded carriageway 
cross section.

Due to the fact that the complex processes of the 
coupled moisture and heat transport in connection 
with cracking under consideration of rheological 
concrete behaviour can so far only be analysed in a 
two dimensional viewing, the 2D modelling will be 
placed in the foreground of the numerical analysis. 
The numerical models are made of unreinforced 
pavement concrete, where the material is displayed 
as a continuum in the first approximation. To con-
sider the heterogeneity of the concrete, the mate-
rial properties are subdued and the tensile strength 
(respectively the fracture energy or possibly also 

Figure 7. Schematic illustration of the considered three-lane motorway of a carriageway cross section based on 
(Müller et al. 2010).

Figure 8. Schematic illustration of the considered carriageway cross section and the finite-element mesh of the 
regarded carriageway based on (Müller et al. 2010).
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the elastic modulus), assigned to the particular 
element, is varied. The detailed description of the 
implementation of the model approach can be 
found in Mechtcherine 2000.

To simulate the crack formation and propagation, 
non-linear fracture mechanics is used. Therefore, 
the fracture mechanical behaviour of concrete is 
described following the cohesion model of Bažant 
and Oh (Bažant & Oh 1983). At this point, the find-
ings gained as a result of the extensive experimen-
tal analysis that describe the change of the material 
properties of concrete due to ASR are applied by 
assigning the available and determined material 
properties of compressive and tensile strength as 
well as the elastic modulus and fracture energy to 
the material used in the simulation.

In parallel, it is necessary to consider the creep 
and shrinkage behaviour in context of the numeri-
cal analysis due to the models of the fib model 
Code 2010 (fib Model Code 2010), which are fol-
lowed by the adaption with the help of its own per-
formed accompany tests.

The forecast of the time course of the ASR-
damage of concrete pavement initially takes place 
on the basis of the effective ASR-expansions with 
varying temperature and moisture conditions. 
Thus, for example, on the basis of thermic-hygric 
relations based on climate data, it can be estimated 
to what extend at which times the conditions for 
the ASR are given. In connection to these expan-
sions due to ASR will take into account in the sim-
ulation, which are determined during experiments. 
Therefore, the conditions for the realistic simula-
tions of temporal deformation behaviour and 
cracking of carriageway plate are given, which 
serve as basis for the development of measure to 
prevent broad carriageway cracks.

5 CONCLUSIONS AND OUTLOOK

In Germany a deleterious ASR causes enormous 
repair costs of significant economic relevance until 
today. To assess the durability of concrete car-
riageways, the description of the complex loading 
collective which consists of temperature and mois-
ture changes, and also traffic and ASR is necessary. 
Moreover, there are influences due to manufacture 
and curing which have to be considered. In addi-
tion, the consequences of harmful influences such 
as traffic or in particular ASR on the temporal 
change of the strength and deformation properties 
of pavement concrete have to be determined.

At first, within the scope of this paper, the prob-
lems of the identification of material properties of 
ASR-damaged concrete in order to describe the 
resistance of the pavement concrete were explained. 
An experimental design within the DFG research 

group to depict the complex exposures and the 
related experimental determination of (fracture-) 
mechanical material properties was described.

Building on this, the consequences of a mechan-
ically pre-damage and a deleterious ASR after 
the FIB cyclic climatic storage test on the exam-
ple of the stress-deformation relation within the 
centric tensile strength were explicated. At this, a 
mechanically induced pre-damage in combination 
with storage in the FIB cyclic climatic storage test 
reduces the net tensile strength about 40 percent. 
Thereby realistic input values to characterise the 
resistance of pavement concrete towards crack for-
mation and propagation for the future numerical 
calculations were determined.

Further experimental investigations will focus 
on the determination of  additional material prop-
erties after ASR-provoked storage, especially in 
the 60 °C concrete prism test (Alkali-Richtlinie 
2007).

Afterwards a short introduction of the proposed 
numerical investigations including the presentation 
of the used model of a concrete carriageway was 
explained. The proper innovation with regard to the 
numerical investigations will be the consideration of 
damage in the concrete pavement due to an ASR.

Finally, the analysis of the stress-strain behav-
iour and the resulting crack formation in the con-
crete pavement to derive measures for the future 
damage reduction will carried out.
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Reinforcement corrosion behavior in bending cracks after short-time 
chloride exposure

F. Hiemer, S. Keßler & C. Gehlen
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ABSTRACT: Even if  properly designed, crack formation in reinforced concrete structures is inevitable. 
Cracks in the concrete cover considerably reduce the barrier property against corrosion-initiating 
substances. Aggressive agents (e.g. chlorides) depassivate the reinforcement locally in the cracked area, 
which can lead to macro-cell corrosion. To protect direct driven concrete surfaces against chloride ingress 
such as in multi-storey car parks, German Standards recommend the application of surface coatings.

In the course of a research project, the reinforcements’ corrosion behavior in cracked concrete and the 
influence of an applied surface protection system on the corrosion process is investigated. Therefore, basic 
electrochemical parameters of corrosion and its boundary conditions are recorded. The paper presents 
results of the short-time chloride exposure as well as first findings concerning the influence of an applied 
sealing on corrosion activity. Chloride contamination led to active corrosion whereas the coating not 
always decreased macro-cell corrosion.

The drop of  electrochemical potential on the 
depassivated steel surface (anode) results in a 
potential difference to surrounding cathodic 
areas. Free electrons e− pass through the steel 
to the cathode where they react with water H2O 
and oxygen O2 to form hydroxide ions OH−. 
The electrochemical cell is short-circuited by 
the electrolytic conductivity of  the concretes’ 
pore system.

The electrochemical processes can be expressed 
by an equivalent circuit diagram in which the 
sub-processes are transferred into resistances 
and a driving potential ΔE resulting from the 
potential difference, Figure 2 and Equation 1 
(Raupach 1992).

1 MOTIVATION

When it comes to the durability of reinforced con-
crete structures, the corrosion of reinforcement 
constitutes one of the main issues concerning their 
deterioration. Besides many factors, chloride con-
tamination stands out as one of the most impor-
tant causes for reinforcement corrosion, especially 
in traffic structures such as bridges or car parks, 
which are highly exposed to de-icing salts.

Since the design principle of reinforced concrete 
structures is based on crack formation for activat-
ing the reinforcements’ tensile capacity, cracking 
is an inherent characteristic of these structures. 
Although cracking impairs the local trans-
port properties of the concrete cover (Šavija & 
 Schlangen 2010), it is not yet completely under-
stood whether cracks accelerate only the corrosion 
initiation process or the overall corrosion process 
(Yu et al. 2014).

Cracks allow a locally limited but rapid ingress 
of aggressive agents to the steel surface. In the case 
of a chloride attack this can lead to an accumula-
tion of chlorides in the crack area. When exceed-
ing a critical chloride content, the protecting 
passive layer on the steel is destroyed and there-
fore the reinforcement is locally depassivated. This 
discrete depassivation promotes the formation of 
macro-cell corrosion. Figure 1 schematically shows 
a chloride induced macro-cell corrosion in which 
the anodic and cathodic sub-processes are spatially 
separated.

Figure 1. Schematic illustration of corrosion mecha-
nisms in cracked reinforced concrete.
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The quotient of the driving voltage and the sum 
of all system resistances describes the macro-cell 
corrosion current Imacro. Another important part of 
the total corrosion Icorr is the microcell corrosion 
Imicro. In this corrosion type the cathodic reaction 
takes place in immediate vicinity of the macro-cell 
anode, therefore contributing inseparable to the 
corrosion process.

Anodic polarisation resistance RP,A and cathodic 
polarisation resistance RP,C can be described as the 
interference of each sub-process, e.g. due to the 
charge transfer resistance in the phase boundary 
steel/electrolyte or an obstruction of materials sup-
ply to the respective electrode.

The electrolytic resistivity of concrete RE 
is a major factor influencing active corrosion 
(Hunkeler 1995, Warkus & Raupach 2008). It is 
depending on a variety of factors originating from 
concrete parameters as wells as environmental 
influences. Besides the temperature, pore structure 
and the ionic composition of the pore water, the 
resistance is very dependent on the moisture con-
tent of the concrete (Catharin & Federspiel 1972, 
Schulte et al. 1978). On the one hand the desiccation 
of concrete diminishes the charge transport in the 
pore system which increases the specific electrolytic 
resistance of the hardened concrete. Furthermore, 
the size of the cathodic contributing steel surfaces 
is significantly reduced when the concrete is drying 
out (Noeggerath 1990, Warkus 2012).

These interrelations are used to protect rein-
forced concrete structures which are directly driven 
upon. The German national annex to Eurocode 2 
(DIN EN 1992-1-1/NA 2013) demands the appli-
cation of a crack-bridging coating or alternative 
concepts to avert an ongoing ingress of corrosion 
promoting agents.

On the one hand, the accumulation of depas-
sivating substances such as chlorides is reduced, 
minimizing the risk of reinforcement depassivation. 

At the same time, the water intake through the 
concrete surface is hindered, leading to a reduc-
tion and homogenisation of the moisture content 
in the concrete component. Hence, the electrolytic 
conductivity decreases, reducing the overall corro-
sion rate, see Equation 1.

The planning principles for the coating of con-
crete structures, such as multi-storey or under-
ground car parks, are provided in a German 
bulletin (DBV 2010). Therein it is recommended 
to coat the concrete surface after crack formation 
is finished, even if  a short-time chloride exposure 
cannot be ruled out. A potentially initiated corro-
sion process is not expected to endanger the load 
bearing capacity of the structure. However, the cor-
rosion behavior of reinforcement steel in cracked 
concrete is not yet clarified, nor has there been a 
scientifically investigation of its development after 
the cracked concrete surface is sealed. In addition, 
especially in the vicinity of a crack, the influencing 
factors of reinforcement corrosion, e.g. the mois-
ture content as well as the chloride concentration, 
are subject to wide fluctuations.

Thus, a research project was initiated, in which 
reinforced concrete specimens are used to investi-
gate the corrosion process in cracked concrete after 
a short-time chloride exposure. Subsequently the 
effect of an applied surface protection system on 
the corrosion situation can be determined.

In the following chapter the experimental pro-
gram is presented, whereas in chapter 3 a first 
insight into the results of the exposure as well as 
on the influence of an applied coating is given.

2 EXPERIMENTAL

2.1 Specimens

Specimens had to be designed allowing the initia-
tion of a defined bending crack orthogonal to a 
steel bar representing the depassivated anode. 
Besides other boundary conditions, the positioning 
of reinforcement elements had to ensure the electri-
cal isolation of anodic and cathodic sub-processes 
in order to create a measurable macro-cell corro-
sion current. 19 concrete prisms with dimensions 
of 150 × 150 × 700 mm3 were produced.

Figure 3 shows the geometry and reinforcement 
setup of the produced macro element specimen. 
The crack crossing “anode bar” is made of a rein-
forcement steel bar (∅ = 10 mm) and a total length 
of 250 mm. To define the size of the anodic area, 
the exposed steel surface was limited to 50 mm in 
the vicinity of the crack.

The steel bar sealing was made of a shrinking 
tube in order to reduce oxygen diffusion to non-
 depassivated steel surfaces outside of the crack 
area. Hence, cathodic reactions on the anode bar 

Figure 2. Equivalent circuit diagram for the corrosion 
of steel in concrete.
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can be reduced to a minimum. To prevent crevice 
corrosion, the transition area between the shrink-
ing tube and the steel bar is filled with a highly 
alkaline mortar. According to the general rules and 
rules for buildings (DIN EN 1992-1-1 2011) and 
the corresponding exposure situation of cyclic 
wetting and drying in combination with chloride 
attack (XD3), the anode bar was fixed in the form-
work with a cover depth of 40 mm.

To provide sufficient cathodic area for the cor-
rosions process, two reinforcement cages, each con-
sisting of four stirrups (∅ = 8 mm) and four main 
bars (∅ = 10 mm), were installed. The “cathode 
cages” were positioned outside the crack area to 
exclude their depassivation during the chloride 
exposure. In order to ensure a sufficient tensile 
capacity of the specimens during crack initiation, 
corrosion resistant glass fiber bars were integrated. 
Additionally, this improved the control of the 
crack initiation.

As anode bar and cathode cages are electrically 
isolated, all electrochemical measurements can be 
conducted on each half  cell separately. For half-
cell potential measurements a reference electrode 
(MnO2, Eref ≈180 mVSCE) was fixed close to the 
anode area. Hence a nearly IR-drop free potential 
measurement of the anode is possible. Additionally, 
a Multi Ring Electrode (MRE) was installed on 
the concrete surface to determine the changes of 
concrete moisture due to the exposure cycles and 
the later coating.

In order to reproduce a realistic structural situ-
ation, the concrete composition was designed 
in accordance with DIN 1045-2 (2008) and the 
requirements resulting for a concrete component in 
a corresponding exposure class (XD3). A Portland 
cement (CEM I 32.5 R) with a content of 320 kg/m3 
was used for 19 specimens. Sand and gravel with 
a maximum aggregate size of 16 mm was chosen. 
The w/c ratio was set to 0.45 and plasticizer was 
used to adjust a plastic consistency of the fresh 
concrete. The mean value of the cube strength at 
an age of 28 days was about 45 N/mm2.

For curing, the specimens were stored for 
7 days under moist jute cloths at a temperature of 
20 ± 2 °C. Afterwards they were stored in a cli-
mate of 20 °C/85% RH until the age of 28 days 
after which the cracks were produced by three-
point-bending. The crack width was adjusted to 
0.3 mm which results from the permitted crack 
width for certain exposure conditions given in 
DIN EN 1992-1-1 (2011). The crack width was 
fixed with metal foils of  0.3 mm thickness which 
were inserted into the crack before the load was 
reduced again, Figure 4. Hence, the crack width 
on the concrete surface could be set precisely to 
0.3 mm.

To simulate a slab structure and its one-dimen-
sional exposition of the concrete surface, the lat-
eral areas had to be sealed with a non-diffusive and 
waterproof aluminium-butyl rubber band after the 
crack was initiated.

2.2 Exposure

During the exposure only the anodes should be 
charged with chloride solution. Therefore, the area 
loaded with chloride solution was limited to the 
central 10 cm of the specimen. To ensure an evenly 
and therefore practical watering of the concrete, 
the outer areas were loaded only with tap water, 
whereas a 1.5 M.-% sodium chloride solution was 
used in the crack area. Figure 5 shows the finally 
prepared specimens.

Beginning with the first exposure all specimens 
are stored in a climate of 20 °C/85% RH. The con-
crete surface was completely wetted with chloride 
solution and the tap water once a week for the 
duration of 12 weeks. By this period of exposure, 
the intensity of a chloride attack by de-icing salts 
in the course of one winter period was simulated.

Afterwards the surface of the specimens is sealed 
with a two component polyurethane coating. This 
sealing meets the requirements of a surface pro-
tection system with high crack-bridging abilities 
for surfaces which are directly driven upon (OS 11 

Figure 3. Geometry and reinforcement setup of the specimens, all dimensions in [mm].

ICCRRR15_Fullpaper_Book.indb   101ICCRRR15_Fullpaper_Book.indb   101 8/27/2015   9:08:52 AM8/27/2015   9:08:52 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-16&iName=master.img-002.jpg&w=361&h=111


102

according to DAfStb 2001). After the application of 
the coating the specimens stay stored in its climate.

2.3 Electrical measuring setup

Once the lateral surfaces were sealed with butyl-
rubber band the electrochemical parameters 
were recorded periodically. Before the chloride 
exposure, first measurements were carried out in 
order to obtain values about the initial state of the 
specimens. The electrochemical parameters are 
recorded throughout the chloride exposure as well 
as after the coating of the specimens. Hence, the 
complete development of the corrosion process 
can be traced.

The macro-cell corrosion current Imacro is logged 
regularly every 3 hours. Cathode cages and the 
anode bar are short circuited through a low-
 resistance, high resolution ampere meter with 
automatic data recording. The macro corrosion 
current allows a time dependent assessment of the 
mass transfer resulting from corrosion activity.

In a weekly rhythm the short circuit is suspended 
leading to a depolarization of the electrodes. 
Subsequently the free corrosion potentials of anode 
and cathode can be determined. The driving voltage 
ΔE of the corrosion cell is derived from the difference 
of these potentials, giving another relevant param-
eter to assess the reinforcements’ corrosion state. 
Thus, differences in corrosion activity before and 
after the coating application can be determined.

Additionally, multi ring electrodes, as shown in 
Figure 6, were installed in some of the specimens.

Starting from the exposed concrete surface a 
depth dependent resistivity profile is determined 
regularly. The continuous detection allows a quali-
tative evaluation of the moisture development in 
the surface area throughout the exposure as well 
as after applying the coating. Hence, the interrela-
tion between changes in moisture distribution, and 
therefore in electrolytic resistance, and an eventual 
variation of the corrosion process can be detected.

3 FIRST RESULTS

In the following first results of the short-time 
chloride exposure are presented. Furthermore an 
insight on the influence of an applied coating is 
given.

3.1 Corrosion behavior during 
short-time chloride exposure

Amongst all 19 corrosion specimens eleven showed 
active corrosion during the twelve weeks of cyclic 
wetting with a 1.5 M.-% sodium chloride solution.

To evaluate the corrosion state of the crack 
crossing anode in those specimens, the data of the 
corrosion current Imacro as well as the free corrosion 
potentials of their anodes are regarded. Figure 7 
contains these parameters from three characteris-
tic specimens (PC-5, PC-12 and PC-20) represent-
ing the different situations which occurred in the 
case of active corrosion.

After crack initiation and before the beginning 
of exposure all anodic potentials were in the same 
magnitude at around −260 to −280 mVMnO2, which 
indicates the passivity of the steel surface. The 
mean potentials of the cathodic cages, portrayed 
as a dotted line in the bottom diagram, range in 
the same order of potential and thus ensure the 
assumption of passivity. All cathodes showed a 
quite steady potential in the course of the expo-
sure, mostly ranging at around −260 mVMnO2.

Figure 4. Metal foil keeping the crack open.

Figure 5. Specimens exposure.

Figure 6. Scheme of a multi ring electrode.
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The first situation of corrosion behavior is 
reflected via specimen PC-12. Only a few days 
after the first moistening a significant decrease 
of the anodic potential (ΔU ≈ 250 mV) indicates 
an immediate depassivation. This potential drop 
was accompanied with an instant increase of the 
macro-cell corrosion current. With the continuing 
chloride loading the potential kept dropping to a 
minimum of −580 mVMnO2 after around 42 days, 
creating a driving voltage ΔE between anode and 
cathode of about 320 mV. The corrosion current 
reached its maximum of 0.042 mA after 28 days 
when it started to decline during the ongoing cyclic 
loading. The descent in corrosion current is accom-
panied with a positive development of the anodic 
potential, lowering the overall driving voltage ΔE 
of  the corrosion cell.

The second kind of corrosion behavior is rep-
resented by specimens PC-5 and PC-20. For the 
first-mentioned after two weeks the continuous 
loading with chloride solution resulted in a steadily 
diminishing anodic potential. Surpassing a certain 
potential difference ΔE between anode and cath-
ode, a macro corrosion current was initiated which 
nearly came to a complete halt between every 
moistening. Only after five weeks of loading the 
corrosion current was settling on a constant level 
which slightly decreased until the end of exposure, 
whereas the anodic potential stayed constantly low 

at values around −520 mVMnO2 causing a driving 
voltage ΔE of  around 260 mV.

Likewise, specimen PC-20 showed a delayed 
reaction. A decrease in potential occurred after 
42 days, leading to active corrosion in form of 
a measurable corrosion current after two more 
weeks. Both, potential of the anode as well as the 
macro-cell corrosion current receded only a little 
until the end of exposure after twelve weeks.

On eight of the 19 specimens no corrosion activ-
ity could be determined, as Figure 8 exemplarily 
shows on specimen PC-6.

With the first chloride exposure, the anode poten-
tial tends to decrease, but the steel surface could 
not be depassivated. The electrodes are not polar-
ized and no corrosion current is measured.

3.2 Short-time influence of a concrete surface 
coating on chloride induced corrosion

Of the eleven specimens that showed active corro-
sion during the exposure, seven corrosion processes 
halted before the concrete surface coating could 
be applied. Either this standstill occurred already 
during the time of exposure or the corrosion proc-
ess stopped rather quickly after the exposure was 
ended. In this time the specimens remained in their 
usual climate at of 20 °C/85% RH. Of the remain-
ing four, the electrochemical parameters obtained 
from three specimens (PC-3, PC-5 and PC-7) in the 
first twelve weeks after the coating are shown in 
Figure 9.

On the one hand, the anodic potentials of all 
three specimens remained quite low at around −400 
to −450 mVMnO2. On the other hand the corrosion 
currents had already decreased to minimum cur-
rents of 0.002 to 0.006 mA.

In the beginning, the coating of specimen PC-5 
resulted in a noticeable increase of corrosion 
current (ΔI ≈ 0.010 mA), but had no notewor-
thy influence on its anodic potential. Only when 
considering the whole period of 12 weeks after 

Figure 7. Macro-cell corrosion current (top) and cor-
responding free corrosion potentials of the anodes (bot-
tom) of three exemplary specimens during the short-time 
chloride exposure.

Figure 8. Macro-cell corrosion current and free corro-
sion potential of specimen PC-6.
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the coating, a constant but slow increase of the 
potential is detectable. After nine weeks this lead 
to an undetectable corrosion current, indicating a 
standstill of corrosion activity.

Both, specimens PC-3 and PC-7 showed a compa-
rable behavior considering the sharp increase of the 
macro-cell corrosion current after the coating was 
applied. In specimen PC-3 the application caused an 
immediate reaction of the anodic potential which 
enlarged the driving potential by nearly 150 mV. 
The generated corrosion current abruptly exceeded 
0.030 mA and did not decrease until the end of the 
investigated period. The macro-cell corrosions cur-
rent of specimen PC-7 showed a delayed reaction to 
the application of the coating. The potential drop 
occurred after five weeks under sealed conditions 
and resulted in a current rise of about 0.020 mA. 
The current afterwards slowly declined but did not 
come to a complete halt in the period considered.

3.3 Moisture development during 
exposure and after surface coating

The depth dependent resistances of the concrete 
specimens were obtained with multi ring electrodes 
in the uncracked concrete surface. Throughout the 
chloride exposure, usually a distribution like shown 
in Figure 10 was determined.

The area close to the surface until a depth of 
ca. 20 mm is heavily influenced through the weekly 
moistening. Since the exposure was held in a con-
stant climate of 20 °C/85% RH, a climatic variation 
of the resistance can be excluded. However, in deeper 
regions no significant influence of the resistivity and 
therefore the moisture balance could be found. Out 
of these results it can be assumed, that the concrete 
moisture remains sufficiently during the weekly 
exposure, to provide a specific resistance to enable 
macro-cell corrosion activity (Hornbostel 2013).

Figure 11 provides the resistance profile of the 
same multi ring electrode after the concrete surface 
was sealed with the coating.

The overall trend is slightly going upwards, result-
ing from the continuing hydration of the cement 
paste. Only in the top layer a significant influence 
of the concrete resistance due to the coating is 
detectable. In the deeper areas there is no indication, 
that the moisture balance is influenced in any way.

4 DISCUSSION, CONCLUSION 
AND OUTLOOK

The first results on the corrosion behavior in 
cracked concrete after a short-time chloride 

Figure 9. Macro-cell corrosion current (top) and cor-
responding free corrosion potentials of the anodes (bot-
tom) of three exemplary specimens after the application 
of the coating.

Figure 10. Depth dependent resistance profile in the 
uncracked concrete surface of specimen PC-1 during 
chloride exposure.

Figure 11. Depth dependent resistance profile in the 
uncracked concrete surface of specimen PC-1 after 
coating.
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exposure show that a depassivation of the crack 
crossing reinforcement is very likely to occur. Even 
only after 12 weeks of exposure to a 1.5 M.-% 
sodium chloride solution the anodic potentials 
dropped significantly leading to potential differ-
ences ΔE between anode bar and cathode cages 
of approximately 250–300 mV. These drops were 
accompanied by increasing macro-cell corro-
sion currents, which afterwards mostly showed a 
degressive progress. On the one hand this could 
be lead back to an increasing electrolytic resist-
ance resulting from the continuously hydrating 
cement paste. On the other hand during the cor-
rosion process oxidation products are formed that 
can shield the area of active corrosion. This can 
lead to a shortage of corrosion promoting agents, 
reducing their overall concentration and therefore 
increasing the anodic polarization resistance in the 
corrosion system.

Although the corrosion currents tended to 
decrease throughout the exposure, not all corro-
sion processes came to a complete halt, even not in 
the time after the exposure was ended. Addition-
ally, the application of a crack-bridging surface 
protection system on the concrete specimens had 
different effects on their corrosion behavior. In 
some actively corroding specimens the process was 
halted after the coating was applied. Other speci-
mens responded with a spontaneous sharp increase 
of macro-cell current, which in some of those spec-
imens decreased afterwards. In others it remained 
constant over the observed period of twelve weeks 
after the coating. This sharp rise could be due to 
time dependent diffusion effects, which have led to 
a repeated accumulation of chlorides on the steel 
surface. These provoked further depassivation of 
the reinforcement which occurred coincidently at 
the same time when the coating was applied.

In order to clarify these questions as well as to 
completely investigate the corrosion behavior in 
the coated specimens further measurements have 
to be carried out.

Furthermore the effects of microcell corro-
sion have to be investigated. The previously men-
tioned shielding of the corroding area can affect 
the development of microcell corrosion (Beck 
2010). In addition, there is a risk, that the sealing 
of the crack area can conserve a micro climate in 
the crack, which could endanger the load bearing 
capacity of a structure by maintaining microcell 
corrosion.

Hence, beginning with the end of the exposure 
some of the specimens are taken for destructive 
investigations. Every three months anode bars from 
three specimens are dismounted and the corrosion 
products are removed from their surface. Thus, the 
gravimetric mass loss can be calculated. The dif-
ference between gravimetric and coulometric mass 

loss, which can be calculated from of the accumu-
lated corrosion current, enables the quantification 
of the microcell corrosion. Because of the ongo-
ing destructive investigations, the time dependent 
development of the microcell corrosion can be 
assessed.

Therefore further quantification, monitoring 
and destructive investigation of the specimens is 
needed to clarify the development of the macro-
cell corrosion process and to determine the effects 
of the microcell corrosion after the coating is 
applied.
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ABSTRACT: Corrosion of steel in concrete is a very common degradation phenomenon observed in 
reinforced concrete structures. It impairs the resisting section of the bars due to the change in the nature 
of material, the surrounding concrete around the steel bars because of the volume expansion effect of rust 
and finally modifies the bond between steel and concrete. Some experimental tests are present in literature 
in which the structural behavior of reinforced concrete beams in presence of corrosion of longitudinal 
bars and stirrups was analyzed: a progressive reduction of the load bearing capacity was demonstrated 
with an increase level of corrosion. Furthermore a not-obvious rupture mechanism was observed due to 
the effect of rust formation; in particular with the increase level of corrosion a change in the type of col-
lapse was observed. In this paper a physical model based on the theory of plasticity is employed in order 
to explain the residual capacity of corroded beams. The model was developed for sound structures and 
is able to consider the interaction between shear and bending moment: this aspect is generally neglected 
following the codes prescriptions for structural evaluation but could become of importance when degra-
dation takes place and determines changes in terms of mode failure. In this model the effect of corrosion 
is implemented in terms of section reduction and change of basic relationship of steel, degradation of 
concrete; a comparison with the reliable literature data is performed.

2014) and a series of mechanical models has been 
developed in order to simulate the effects this deg-
radation mechanism (Coronelli & Gambarova, 
2004; Toongoenthong & Maekawa, 2005). Experi-
mental campaigns on natural and artificially cor-
roded structures were performed in order to 
analyze all the aspects related to corrosion, from 
early cracking (Andrade et al. 1993) to bond 
behavior (Fang et al. 2004; Mancini et al. 2014), 
from deformation in service to residual ductility 
at ultimate conditions. As stated in Mancini and 
Tondolo (2014), among the tests using accelerated 
corrosion, it is better to refer to tests in which a 
limited level of current density is used in order to 
evaluate tests with the structural consequences of 
corrosion respect to the natural ones. In terms of 
corrosion mechanism, the reduction of the section 
could be considered as proportional to the current 
densities flowing into the reinforcement; in fact in 
case of electrochemical corrosion (Rodriguez et al. 
1996) it can be easily calculated from the Faraday’s 
law, taking into account the scatter due to the effi-
ciency of the corrosion methods (El Maaddawy et 
al. 2003); the reinforcement being all the anodic 
part of the process. On the other hand in natural 

1 INTRODUCTION

Corrosion is the most problematic issue for rein-
forced concrete (r.c.) structure. Hardly r.c. struc-
tures are not affected if  not seriously damaged 
by corrosion. This phenomenon is caused by the 
presence of a high level of chlorides near the rein-
forcement and/or the occurrence of carbonation 
of concrete cover: these lead to a critical drop of 
alkalinity of concrete that expose to corrosion the 
steel bars. Different aspects can be addressed to 
corrosion of reinforcement in concrete: the reduc-
tion of the section of reinforcement, the reduction 
of yielding point and ductility of steel in the resid-
ual section, the loss of bond between steel and con-
crete and the loss of bearing capacity of cracked 
concrete around corroding steel, due to the expan-
sion of the oxides, other than as an extreme conse-
quence the spalling and delamination of the cover. 
These effects are responsible for the reduction of 
the performance of r.c. structures both in service 
and at ultimate conditions.

A wide literature on the structural behavior of 
corroded elements is available (Rodriguez et al. 
1996; El Maaddawy et al. 2005; Zhu & François, 
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conditions the loss of the section due to corrosion 
is determined by local corrosion mechanisms and 
it can be calculated by means of a direct measure 
with gravimetric procedure at the end of the tests.

The change of structural response of corroded 
reinforcement was investigated by Cairns et al. (2005) 
and a dataset collection has been obtained also from 
previous experimental campaigns. The structural 
effects are connected to the spatial distribution and 
the entity of corrosion attack on the bar.

Bond between steel and concrete, for corrosion 
levels higher than 2% can influence the structural 
behavior in a deep manner especially for uncon-
fined structures and members. In fact, longitudinal 
cracking caused by corrosion and the progressive 
loss of confinement exerted by concrete is respon-
sible of a change of behavior for anchorages and 
overlapping zones and more in general for the 
transfer mechanism of stresses (Cairns et al. 2005; 
Mancini et al. 2014), furtherly exalted if  a mechan-
ical action is present (Giordano et al. 2011) and 
even leads to higher deformation levels.

The cracking of concrete caused by the expan-
sive nature of the oxides generates a loss of bearing 
capacity of concrete that could imply small effects 
in tensile zone but substantial ones in compression 
zone.

For all the previous listed effects corrosion of 
longitudinal and transverse reinforcement causes a 
loss of load-bearing capacity of the structural ele-
ment and, in some cases, may also lead to a change 
of the failure mode, which modifies from ductile 
for bending (M) to brittle for shear (V) (Rodriguez 
et al. 1996). In this scenario, a model able to cap-
ture the interaction between bending and shear 
seems to be the very appropriate to describe the 
behavior of r.c. beams with corroded rebar.

2 PHYSICAL MODEL

Several contributions are present in literature on 
the interaction between bending and shear, fol-
lowing two different approaches: empirical and 
theoretical. The formulations of the former group 
are based on several test results carried out on RC 
members and try to provide handy equations for 
designers. The models that are part of the latter 
group, instead, start from the theory of the stress 
fields of Bach et al. (1978) and propose formula-
tions valid in wide ranges of input parameters, 
taking into account the different internal actions 
(shear, bending moment and axial force).

Herein, a sectional model belonging to the theo-
retical group of formulations, originally proposed 
by Recupero et al. (2005) and in the following 
widely validated (Colajanni et al. 2014) against sev-
eral test results on structural element having circular 

cross-section and also used for design (Colajanni et 
al. 2008), is herein adapted to provide the shear-
flexure strength of specimens under corrosion 
effects. It allows to take into account the simultane-
ous presence of bending moment and shear force 
on the beam, for a constant value of axial force. 
The latter for a beam is considered equal to zero.

The adopted procedure for shear-flexure strength 
evaluation consists of dividing the cross-section into 
layers of depth yi not identified a priori, and sub-
jected to uniform normal σ and shear τ stress distri-
butions to ensure the equilibrium with the internal 
actions N, M and V. In details, the cross-section was 
divided into three concrete layers having areas Sc1, Sc2 
and Sc3, and the longitudinal rebars were modeled as 
point elements divided into two different steel layers 
having area Ss1 and Ss2, respectively (Fig. 1c).

With reference to the concrete element in 
 Figure 1, obtained by two cuts, one with a plane 
orthogonal to the beam axis abscissa z, and another 
one parallel to the web concrete stress field at the 
abscissa z+Δz (Fig. 1a), the following equilibrium 
equation in the y direction can be written:

V q z V A
s

y c gws
wt

* ⋅q =V 3 σ θctg  (1)

where V* is the shear external action at the abscissa 
z; θ is the distributed vertical load; σwt is the stress 
of the steel stirrup. Next, a new column segment is 
considered, obtained by cutting the element with 
two section planes with slope θ = 90° to the beam 
axis at the abscissa z and z+Δz (Fig. 1b); thus the 
new equilibrium equation of the column segment 
in the y direction reads:

V q Scw c
* cos i⋅q Δ σz V =V θ θsin3  (2)

where σcw is the axial stress in the Sc3 concrete layer. 
Furthermore, the expressions of the internal forces 
in the tension chord and in the compression chord 
are the following:
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(4)

where σci and σsi are the axial stress of the concrete 
and steel related to the i-th layer, respectively; Ci 
and Fi the resultant forces in the concrete and the 
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steel related to the i-th layer, respectively; and yc, 
ys are the lever arms (algebraic values) calculated 
starting from the centroid of the cross-section.

The failure of the structural element may occur 
either by concrete crushing or by transversal rein-
forcements yielding. Using the nominal values for 
the steel yielding fym and for the concrete compres-
sion strength fcm and f′cm = ν fcm [con ν = 0.5, (Ital-
ian Code, 2008)], the terms related to the areas Sc1, 
Sc2, and Sc3 depend on the depth of the web layers 
y1, y2, and y3, which may vary according to the fol-
lowing geometrical and static conditions:

y y h1 2y 3+ +y2y  (5)

− f i≤ ≤cm ciσ 0 1=i 2,  (6)
− ≤fcm cw′ σ≤cm 0  (7)

− =f f≤ ≤ jym sj ymσ 1 2,  (8)

The best outcome of the mathematical model is 
given by a linear programming method that allows 
to evaluate both the depth of the layers (y1, y2, y3), 
the ctgθ, and all stresses (σci, σsi) by maximizing the 
element resisting actions in the respect of the plas-
tic boundaries conditions of material strength and 
the geometrical restrains of the layer sizes.

3 ADAPTION OF THE MODEL TO THE 
CASE OF CORRODED BEAMS

The previous model should be modified according 
to the effect of corrosion both on concrete and steel. 
With this aim it is possible to simulate the  reduction 

of the bearing capacity of cracked concrete near 
a corroding steel bar. In particular, according to 
Coronelli and Gambarova (2004), the maximum 
cylindrical compressive strength of concrete could 
be evaluated by means of the following:

f f
Kcmff cmff

c

* =
+1 1 0cε ε1

 (9)

where K is the coefficient related to bar roughness 
and diameter assumed equal to 0.1, εc0 is the strain 
at the peak compressive stress fcm, ε1 is the average 
tensile strain in the cracked concrete at right angles 
to the direction of the applied compression.

The value ε1 can be evaluated by means of the 
following equation:

ε1 0= ( )0− b  (10)

where b0 is the section width without corrosion 
crack, bf is the increased width when corrosion 
cracks occur. In order to give an estimation of the 
increase the following equation could be used:

b b n wf bb n ar cr=bb  (11)

where nbars is the number of bars in the compressed 
layer, wcr is the total crack width for a given corrosion 
level that can be evaluated (Molina et al. 1993):

w u Xcr i corri
=ui ( )urs∑∑ , 2 (uπ  (12)

where urs is the ratio volumetric expansion of the 
oxides, X is the corrosion depth and ui,corr is the 

Figure 1. a) and b) external and internal forces scheme assumed; c) cross-sectional model of the beam.
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opening of the single crack. According to Molina 
et al. (Molina et al. 1993) urs is taken equal to 2.

In terms of  modification of  the stress-strain 
law for steel the suggestions present in Cairns et al. 
(2005) are here reported and used in the model:

f fymff yff m
* ( )Qy cQ orr  (13)

f fyuff uff m
* ( )Qu cQ orr  (14)

ε εu u
* ( )αuα corrQ  (15)

where: f*ym, f*um and ε*u represent yield strength, 
ultimate tensile strength and elongation corre-
sponding to ultimate strength after corrosion; 
fym, fum and εu represent yield strength, ultimate 
strength and elongation of the non-corroded bar 
respectively; Qcorr is the average cross section loss 
whereas αy, αu and α1 are empirical coefficient. The 
values for the empirical coefficients α are reported 
in Table 1 for different corrosion types.

3.1 Comparison of proposed model 
with experimental data

In this section, the experimental data collected in lit-
erature are reported and deep described, then the pro-
posed model is used to carry out numerical analysis.

3.2 Experimental data

The ability of the proposed model to reproduce the 
shear-flexural response of corroded beams under 
transversal loads, has been validated by comparing 
the numerical results to the strength values obtained 
by means of failure tests performed on reinforced 
concrete beams subjected to corrosion effects, 
reported in the literature (Rodriguez et al. 1996; El 
Maaddawy et al. 2005; Zhu & François 2014).

The experimental tests presented by Rodriguez 
et al. (1996) were carried out on specimens sub-
jected to electrochemical corrosion to study the 
structural behaviour of  flexural elements with 
corroded reinforcements. The beams, having 
dimensions 150 × 200 × 2000 mm, were designed 
with high longitudinal reinforcement ratio (4φ12 
for tensile and 4φ8 for compressive) and with stir-
rups space close to d/2 (φ6/85 mm), being d the 
effective depth of  the beam. Both corroded and 
non corroded beams were tested up to failure, 
applying two symmetrical concentrated loads at 
800 mm from the supports. Table 2  summarizes 

the main results, both in terms of  service/ulti-
mate load and average attack penetration of 
reinforcement.

An experimental study designed to investigate 
the combined effect of corrosion and sustained 
loads on the structural performance of RC beams 
was carried out by El Maaddawy et al. (2005). 
They tested a total of nine beams, each measur-
ing 152 × 254 × 3200 mm. One beam was tested 
as a virgin while eight beams were exposed to 
accelerated corrosion for up to 310 days using an 
impressed current technique. Moreover, four of 
the nine beams were corroded under a sustained 
load equal to approximately 60% of the yield load 
of the virgin beam. The flexural reinforcement of 
specimens consists of two No. 15 deformed steel 
reinforcing bars for tensile and 2φ8 mm rebars for 
compressive. The transversal reinforcement con-
sists of stirrups φ8/80 mm with a 25 mm clear cover 
(c) in the shear span and φ8/333 mm in the con-
stant moment region. In this test campaign, corro-
sion was restricted to the tensile steel reinforcement 
placed in the middle of the specimen. Table 3 sum-
marizes the main results, both in terms of yield/
ultimate capacity and average attack penetration 
of tensile reinforcement.

Zhu and François (2014), recently, have pre-
sented an experimental work to investigate the 
influence of chloride corrosion of the reinforc-
ing bars on the residual structural performance 
of RC beams. A mechanical experiment was con-
ducted with a three-point loading system on three 
non corroded and four corroded beams that had 
been exposed to a chloride environment for 14, 
23, 26 and 28 years. The specimens were cast with 
dimensions 150 × 280 × 3000 mm and longitudinal 
reinforced with 2φ12 for tensile and 2φ6 for com-
pressive. The shear reinforcement was obtained 
with stirrups φ6/220 mm. Table 4 summarizes the 
main results of tests, both in terms of yield/ultimate 

Table 1.

Corrosion Qcorr [%] αy αu α1

Chloride 0–25 0.017 0.018 0.06
Carbonation 0–3 0.012 0.011 0.03

Table 2. Data of specimens tested by Rodriguez et al. 
(1996).

Code 311 312 313 314 316 315

Days (#) 0 0 111 128 164 190
Penetration
Tensile (mm) 0 0 0.3 0.48 0.42 0.51
Compr. (mm) 0 0 0.2 0.26 0.37 0.34
Stirrups (mm) 0 0 0.35 0.5 0.54 0.63
Service load
δ (mm) 5.3 5.5 5.5 5.5 5.9 7.7
w (mm) 0.2 0.2 0.2 0.2 0.3 0.3
Ultimate load
V (kN) 52.3 53.2 38.7 39 37.7 27.7
M (kNm) 38.1 38.8 28.2 28.5 27.5 20.2
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Table 3. Data of specimens tested by El Maaddawy et al. (2005).

Code Virgin CN-50 CN-110 CN-210 CN-310 CS-50 CS-110 CS-210 CS-310

Mass loss (%) 0.0% 8.9% 14.2% 22.2% 31.6% 9.7% 15.4% 22.8% 30.0%
Penetration
Tensile (mm) 0.00 0.73 1.18 1.89 2.77 0.80 1.28 1.94 2.61
Yield capacity
P (kN) 67.2 61.7 57.4 50.7 44.12 59.9 55.1 50.1 46.1
δ (mm) 15.6 14.4 13.9 13.0 11.7 12.3  8.9  8.4  7.4
Ultimate capacity
P (kN) 75.0 70.2 66.8 60.0 53.3 66.1 64.6 64.2 56.9
δ (mm) 73.3 89.0 78.4 62.4 59.0 73.4 85.9 79.9 66.8
M (kNm) 37.5 35.1 33.4 30.0 31.2 33.0 32.3 32.1 28.4
V (kN) 37.5 35.1 33.4 30.0 31.2 33.0 32.3 32.1 28.4

Table 4. Data of specimens tested by Zhu and François (2014).

Code B1T1 B2T2 B2T3 B1Cl1 B2Cl1 B2Cl2 B2Cl3

Years (#) 14 26 28 14 23 26 28
Penetration
Tensile (mm) 0.00 0.00 0.00 0.14 0.29 0.34 0.37
Yield capacity
P (kN) 46.0 44.1 46.0 37.0 28.2 30.0 26.0
δ (mm)  3.9  7.1  8.3  5.3  4.0  6.3  3.1
Ultimate capacity
P (kN) 54.2 49.4 50.2 42.5 37.0 37.1 30.7
δ (mm) 80.8 79.8 73.8 23.0 37.0 39.4 21.0
M (kNm) 39.3 35.8 36.4 30.8 26.8 26.9 22.3
V (kN) 27.1 24.7 25.1 21.3 18.5 18.6 15.4

Figure 2. Interaction diagrams M-V for all specimens tested by Rodriguez et al. (1996).
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Figure 3. Interaction diagrams M-V for all specimens tested by El Maaddawy et al. (2005).

capacity and average attack penetration of tensile 
reinforcement.

3.3 Numerical analysis

The numerical analysis have been carried on using 
the procedure already described in the previ-
ous section. In the proposed model, the concrete 
strength for uniaxial longitudinal stresses fcd1 have 

been evaluated neglecting the safety coefficient (set 
equal to 1, fcd1 = fcm), while for stresses in presence 
of transverse load the concrete strength fcd2 was 
calculated as proposed by the Italian code (2008), 
assuming an effectiveness shear factor equal to 
0.50 (fcd2 = 0.50fcd1 = 0.50fcm).

The modelling of  specimens tested by 
 Rodriguez et al. (1996) has taken into account 
of  the reduction of  the material strength, as 
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described in the previous section, and also of  the 
rebar section of  reinforcement (longitudinal and 
transversal). Moreover, the author provided the 
average and the maximum (pitting) attack pen-
etration. Therefore, the residual bar diameter (φr) 
was estimated considering both the average value 
(μ) of  attack penetration and also a greater value 
as function of  pitting (σ). The following equation 
was adopted:

φ φ αr rφ −φ ( )μ σk+  (16)

Being α a coefficient which depends on the type 
of the attack; and k a coefficient ranging between 
0 and 0.25.

In Figure 2 the interaction diagrams M-V for 
all specimens tested by Rodriguez et al. (1996) are 
shown.

The experimental response of specimens tested 
by El Maaddawy et al. (2005) have been also repro-
duced with the proposed analytical procedure. 
In this case the tensile steel reinforcing bars were 
Grade 60, having yield (fym) and ultimate (fum) 
strengths of 450 MPa and 585 MPa, respectively. 
Therefore, two numerical analysis for each speci-
men were performed, assuming as plastic limit 
of tensile steel stress the yield and the ultimate 
strength, respectively.

In Figure 3 the interaction diagrams M-V for all 
specimens tested by El Maaddawy et al. (2005) are 
shown.

As for the specimens tested by El Maaddawy 
et al. (2005), also the difference between the yield 
and ultimate value of tensile strength of steel rein-
forcing bars used by Zhu and François (2014) in 
their beams was remarkable. In details, the yield 
strength and the ultimate strength of steel were 
560 MPa and 620 MPa, respectively. Therefore, 
also for this group of tests, two numerical analy-
sis for each specimen were performed, assuming 
as plastic limit of tensile steel stress the yield and 
the ultimate strength, respectively. In Figure 4 the 
interaction diagrams M-V for all specimens tested 
by Zhu and François (2014) are shown.

In all cases, the proposed model gives an appre-
ciable agreement with experimental results and 
confirm its adequate reliability for both corroded 
and non corroded beams.

4 CONCLUSIONS

In the present paper a plastic model for the analysis 
of corroded structure is employed. The model is 
able to take into account the interaction between 
shear and bending moment acting in the same 

Figure 4. Interaction diagrams M-V for all specimens tested by Zhu and François (2014).
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 section of the r.c. element. The effects of the reduc-
tion of bearing capacity of concrete in compression 
and the reduction of steel section together with the 
modification of the constitutive law for steel due 
to the corrosion are implemented. Results show a 
good agreement between the M-V curve domains 
and the experimental data taken from reliable expe-
riences available in literature. Some differences are 
registered; they could be addressed to the scatter 
of the phenomenon of corrosion. The model could 
be furtherly improved in order to take into account 
other effects of corrosion as the bond loss between 
steel and concrete.
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Bond-slip model for corroded steel in concrete

A. Cesetti, G. Mancini, F. Tondolo & C. Vesco
Politecnico di Torino, Torino, Italy

ABSTRACT: Bond in concrete is of outmost importance for the definition of resisting mechanisms in 
reinforced concrete structures. Bond performance is directly related to both serviceability and ultimate 
behaviour of reinforced concrete members, because it influences the stiffness of the elements but also the 
ductility of the mechanical response and the anchorage capacities. In presence of corrosion bond between 
steel and concrete is modified according to different factors as amount of corrosion, cover/rebar diameter, 
strength of concrete, reinforcement characteristics influencing the mechanical response of the contact 
surface between the two materials. In the paper, starting from a reference bond-slip law as suggested by 
MC2010, a modified relationship in presence of corrosion is studied by using a numerical model specifi-
cally developed and calibrated on experimental results, coming from pull-out test of corroded specimens. 
These specimens are characterized by an increasing level of corrosion up to 20%, presence of confinement 
and use of a current density equal to 200 μA/cm2. Different relationships are proposed for specimens with 
and without confinement.

also established on the base of a coupled chemo-
hygro-thermo-mechanical model.

2 PROPOSED MODEL

In this paper a new and relatively simple numerical 
model is proposed in order to reproduce the per-
formance of bond in presence of corrosion with 
pull-out tests. In this model the equations reported 
in Noghabai (1998) that allows to evaluate the bar-
concrete pressure due to bond action are used. Fur-
thermore the structural effect of corrosion is taken 
into account. Pull-out and splitting mode failures 
are simulated and a comparison with experimental 
tests is also shown.

2.1 Solution for the boundary value problem

In pull-out tests the mean bond stress along the 
embedment length and the slip at the unloaded end 
of the specimen are registered. In these tests, accord-
ing to the RILEM (1994) guidelines, the anchored 
length is short (five bar diameters) in order to avoid 
yielding of the reinforcement before the complete 
sample failure due to bond. In the anchorage zone, 
the mean bond stress can be calculated as follows:

τ
πmτ P

L
=

⋅ ⋅Φ
 (1)

where P is the acting force, Φ is the bar diameter 
and L is the bonded bar length. The mean bond 
slip relationship is derivable from equation (1) 

1 INTRODUCTION

Corrosion of reinforcement in concrete is a very 
huge problem for reinforced concrete (r.c.) struc-
tures. Among the other structural effects, bond 
action between the two materials impairs the 
force transmission mechanism and obviously is 
of outmost importance. Modification of tension 
stiffening, anchorage length, ductility and bearing 
capacity of r.c. structures can be addressed to bond 
loss. Mechanical models have been developed for 
bond-slip relationship reproducing bond test with 
long (beam type) and short embedment length 
(pull-out). In order to study a local relationship a 
test setup with short embedment length is needed 
(Mancini & Tondolo 2014b) as RILEM (1994) 
type. There are plenty of models in scientific litera-
ture able to reproduce and predict the bond behav-
iour in pull-out tests. Fantilli et al. (2007) used an 
approach previously developed for the simulation 
of pull-out test mechanism for uncorroded smooth 
bars. Lundgren et al. (2012) developed an analyti-
cal model able to simulate bond-slip behaviour of 
corroded ribbed reinforcement. The authors intro-
duced a model with plastic slip in the first branch 
of bond-slip relation.  Furthermore this model 
is capable to take into account the effect of both 
corrosion and transversal confinement provided 
by the presence of stirrups. The effect of corro-
sion is simulated by means of a progressive reduc-
tion of bond-slip relationship from confined to 
 unconfined. Other very comprehensive but com-
plex proposals, as that one developed by Ozbolt 
et al. (2014) using finite element method, have been 
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for a range of values of P and the corresponding 
slip s. The expressions that govern the problem are 
three:

– equilibrium equation of a generic cross section:

P A E A Ec c c s s sEA EcA εAc c sA sEcE  (2)

where Ac is the concrete section, εc is the concrete 
strain, Ec is the Young’s module of concrete, As 
is the steel section, εs is the steel strain and Es is 
Young’s module of steel;

– equilibrium equation of a generic portion of 
bare bar:

( ) ε πs s s s s sεε s sτ) sE) A Eεεε A dτ πsτ xdds sE) sAss τ  (3)

Taking into account that As = πΦ 2/4 it is pos-
sible to obtain:

d
dx E

s s

sE
ε τs s=

4
Φ

 (4)

– compatibility equation between steel and con-
crete at the interface layer:

ε εs cε εε ds
dx

=ε  (5)

where s is the bar to concrete slip. To solve this 
boundary value problem it is necessary to intro-
duce a boundary condition that is:

εs xε
s s

P
A Es ss

, = =0  (6)

The problem can be solved by means of pre-
dictor corrector method for differential equation 
(Fantilli et al. 2007). The results give for every 
applied displacement at the loaded end, the value 
of pull-out force P, the profile of εs, εc, s and τ 
along the embedment length. In this way it is pos-
sible to simulate a displacement controlled test. In 
order to take into account the effect of the lateral 
pressure due to bar-concrete interaction caused 
both by pull-out stresses and corrosion, an exten-
sion of this model is proposed in the following 
paragraphs.

2.2 Analytical model for thick-walled 
concrete rings

An important issue in pull-out test is the effect 
of radial pressure that arises between concrete 
and bar when the mechanical action of bond is 
present; this is related to the interaction between 
the ribs and the surrounding concrete. This mech-
anism produces compressive radial stresses and 

 consequently hoop tensile circumferential stresses 
that can bring to the cracking of concrete (splitting 
cracks). In order to take into account this effect an 
elastic cracked cohesive model is used. This model 
considers both the strength of uncracked concrete 
and the cohesive contribution of cracked concrete. 
Therefore the concrete section is divided into two 
parts (Fig. 1): elastic uncracked ring (external) and 
cracked cohesive section (internal). 

This model was developed and used by several 
authors (Van der Veen 1990, Reinhardt 1992, Rosati & 
Schumm 1992, Noghabai et al. 1998). In this model 
a linear softening law for concrete is chosen:

σ t cσ t
c

fc
w
w

= −f
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1  (7)

Starting from an equilibrium between internal 
pressure (exerted by corrosion or pull-out force), 
and external pressure given by tensile strength of 
concrete, the following equilibrium can be written 
imposed:

2 2 2p p r r drddi ir cr crrr t
r

r

irr

crrr

= +2p rcrrr ∫ σ t ( )r dd  (8)

where ri is the internal radius (radius of rebar), 
rcr is the cracked radius and σt the residual tensile 

Figure 1. Elastic cohesive model representation.
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stress in the cracked concrete (see Fig. 1) according 
equation 7. The left side of 8 is the inner pressure, 
whereas on the right side there is the pressure on 
the cracked ring and the contribute due to cohe-
sion. In correspondence of r = rcr the hoop stresses 
(σt) are equal to concrete tensile strength (fct) and 
the tangential displacement is ut. This displace-
ment includes the crack width and the residual 
elastic deformation due to the unloading process 
of cracking mechanism (unloading of the bulk). 
Thus, in case on n cracks, the displacement is cal-
culated as:

u r
E

nw
r

rt e cr
t

cE
( )rr ( )e cr= ( +t=

⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

2 2
e ce π rr

σ t

π rr
π rr  (9)

In the surface between cracked and uncracked 
ring the displacement is assumed constant and 
equal to ut(rcr) =2εctπrcr. Therefore in the cracked 
ring, rewriting with respect to the crack width:

n w r r
fct crrr t

ctff
=w

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

2πεc
σ t  (10)

With a linear softening law for concrete it is pos-
sible to relate the displacement wc to the fracture 
mechanics properties, in particular to the charac-
teristic length lcr = EcGf/fct

2, where Gf = wcfct/2; it can 
be obtained:

w
l f
E

lc
l ctff

cE crl ct= 2 2l fcrll ctff
= εc  (11)

Now introducing equations 10 and 11 into the 
equation 7, it is possible to obtain:

σ π
πt cσ t

ch cr

ch
fc

n lc rc
n lc r

=
−hl ⋅
−hl ⋅

 (12)

Substituting 12 into 8 it is possible to derive the 
internal pressure (in the case of n cracks):

p
f

r
r

r r
r r r

n l

r
n l r

i

ctff
crrr

irr
crrr

crrr
crl

crrr

crl
= +

− ⋅ −
⋅

⋅
⎛0rr

2 2r

0rr
2 2r+

1

1

2
2 2n lcrl −lπ

π
π

⎝⎝
⎜
⎛⎛

⎜⎝⎝⎝⎝
⎜⎜

⎞

⎠
⎟
⎞⎞

⎟⎠⎠
⎟⎟∫ dr

r

r

irr

crrr

 (13)

With ri < rcr < r0. The maximum pressure is 
obtained with rcr= rcr,crit, that is the greatest cracked 
radius value beyond which the cracking mechanism 
becomes unstable and propagates. One underline 
that relationship of equation 13 describes the inter-
nal pressure associated to every value of rcr.

2.3 The contribution of transversal reinforcement

In order to evaluate the effect of transversal rein-
forcement an additional contribution must be 
added to the model according to the following 
assumptions:

– transversal reinforcement is transformed into an 
equivalent cylinder with an equivalent thickness,

– stresses in the cylinder are assumed to be 
constant,

– the steel is assumed to be a linear elastic material,
– in presence of no-circular reinforcement, an 

equivalent radius is evaluated.

Depending on the crack front (rcr), two situations 
are possible: the crack front is internal to reinforce-
ment radius (see Fig. 2) or the stirrups are inside 
the cracked radius. When the cylinder is inside the 
outer elastic ring, elastic thick walled ring theory is 
applicable, thereby tangential deformation can be 
evaluated as follows:

ε εtεε
c

cr

cr
tε cr

Ec

p rcr c r
r

rc
r

( )
( )crr rc

( )crrc ⋅
2 2

0rr
2

0rr
2 2r 2

2

2  (14)

Therefore at transversal reinforcement level 
(r = rs) knowing that εt(rcr) = fct/Ec the deformation 
of the cylinder is known. In the situation where the 

Figure 2. Schematic representation of corrosion process of steel bar embedded in a concrete cylinder: a) geometrical 
configuration, cracked and uncracked zones, b) different radius in presence of corrosion, c) geometrical assumption for 
cracks and confinement, d) truncated crack profile.
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equivalent cylinder is inside the cracked section, it 
is possible to calculate the deformation as follows:

ε π πt sεε s cεε t cπ rrππ c( )s 2 2π εs εεrππ s  (15)

Knowing that at the crack front εct = fct/Ec the 
eq. 15 becomes:

εt sε ct

c

cr

s

fc

Ec

rc
rs

( )srs =  (16)

Having assumed a linear elastic behaviour for 
steel, the global equilibrium (8) can be rewritten as 
follows:

2 2 2 2p p d E2 ti i cr crr t
r

r

s t s st eq
irr

crrr

= +2 p rcrrr ∫ εd E2 s tEσ t ( )dd ( )rsrr ,  (17)

2.4 Relationship between internal pressure 
and lateral displacement

Pull-out mechanism induces radial displacement 
because of the presence of concrete struts that 
arise due to ribs of bars. The radial displacement 
can be due to the presence of oxides product or to 
the pull-out mechanism. Oxides products induces 
internal pressure in consequence of their greater 
volume in relation to that one of the sound metal.

Assuming that:

ε εt iεε i tε cr crrc( )i ( )crrcr  (18)

and knowing that:

εt iε
i

v
ri

( )iri =  (19a)

where v is the imposed radial displacement and

εt cε r
ct

c

fc

Ec
( )crrc =  (19b)

the cracked radius can be evaluated as follows:

r r
E
f

v
E
fcrrr t i irr

cE

ctff
cE

ctff
⋅ ⋅ = ⋅εε )irr( )rrirr  (20)

Therefore imposing a radial displacement v, 
from 20 it is possible to evaluate rcr and then form 
17 the internal pressure.

2.4.1 Radial displacement due to pull-out test
During pull-out test the ribs of bar determine a 
radial displacement in the surrounding concrete; 
this displacement is due to the formation of slid-
ing planes between the ribs. One remarks that 
the radial displacement changes because the slid-
ing plane does not remain unchanged due to the 

 progressive failure of concrete. One can propose 
that the radial displacement is related to the slip by 
means of the following nonlinear relationship:

v v
s
s

s ss ⋅v ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

≤
1

1

0 4

1

.

for  (21)

v v ss= +vs ( ) ⋅ ( )s ss < ≤
1 1s) 2tan )) for ms s< ≤ss 2 m (22)

v v ss= +vs ( ) ⋅ ( )s
1

2)s− >tan )) of m2s > m (23)

Additionally we assume that vs1 = 3.25*10^(−3) 
and tan(β) = 1.5*10^(−4). The previous parameters 
are set in order to fit with eq. 21 the value of maxi-
mum bond strength versus the corresponding slip 
registered during the test of reference specimen 
(uncorroded and unconfined specimen). The sec-
ond branch of eq. 22 simulates the constant level 
of bond strength after the maximum peak; after 2 
mm it is assumed that the additional slip is unable 
to increase radial displacement (ribs are slipping 
along the concrete) and then the maximum radial 
displacement remain constant.

2.4.2 Radial displacement due to corrosion
Corrosion process transforms steel into expansive 
oxides that induce an imposed radial displace-
ment and consequently determine a radial pressure 
increase. Corrosion of bars can be expressed as a 
mean value in terms of attack penetration (xave). 
The attack penetration can be evaluated from the 
mass loss, assuming a homogenous cross section 
reduction. The phenomenon is complex because 
corrosion products behaves like a gel that moves 
through concrete pores, fills cracks when concrete 
is cracked and finally flow out when it reaches the 
external surface. Taking into account a steel bar 
with an un-corroded radius Rb, reduced radius Rrb 
embedded in a concrete element with a cover thick-
ness c, the rust front reaches a radius Rr (Fig. 2). 
For a fixed corrosion penetration xave, it is possible 
to evaluate the reduced radius Rrb and the volume 
loss ΔVs for unit length.

R R x
V R R
rbRR b aR x ve

s bVV rbRR
−RbR

Δ πRR RRbR −RbR 2 2RπRR
 (24)

where ΔVs is the volume of the oxides, evaluated by 
means of the volumetric expansion coefficient (α):

Δ ΔV VΔr sV VV VΔ  (25)

To take into account concrete porosity a theo-
retical porosity thickness is introduced. In this way, 
it is assumed that corrosion product fills the con-
crete pores before to give rise to an inner pressure. 
After the completion of the filling process corro-
sion starts to increase pressure producing a radial 
displacement equal to:
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v R R
V V

R Rcor rRR bR r sV VV V
b bR−R = + RR

Δ ΔVVV
π

2  (26)

This radial displacement is valid up to concrete 
cracking. When concrete cracks, oxides flow into 
these cracks. So there is an initial volume that can 
be filled by corrosion oxides equal to:

ΔV RrVV b ave, a ( )R xb aR x ve( )R hb +R RbR⎡
⎣

⎤
⎦
⎤⎤π)hb +RbR 2 2  (27)

where h is the equivalent thickness taking into 
account concrete porosity. When oxides fill up the-
oretical porosity thickness entirely (ΔVr > ΔVr,max), 
an inner pressure get started. Supposing a linear 
crack opening (Fig. 2) a maximum volume that 
fills cracks and porosity effect can be easily evalu-
ated. When this volume is filled, iron oxides start to 
establish a pressure. The scenario changes when the 
section is completely cracked. Indeed in this case a 
truncated shape of crack is assumed (Fig. 2).

At this point, not all corrosion products remain 
in concrete, i.e. inner pressure does not increase 
because of the flow of oxide gel outside. Thus 
a relationship for the estimation volume loss is 
introduced:

ΔV alossVV
b−( )x xcrx1  (28)

where a and b are empirical parameters and xcr is 
the attack penetration when crack appears at the 
external surface. The values of a and b are assumed 
as a = 5 and b = 0.24 by comparison of maximum 
radial pressure in specimens with corrosion cracks 
already present before the bond test.

In presence of corrosion the radial displacement 
calculated as previously indicated (eq. 21–23, 26) 
must be accounted for before the pull-out test and 
then three situations can occur:

– a radial displacement due to corrosion unable to 
produce cover cracking (vcr) is reached and dur-
ing the test the additional radial displacement 
due to the pull-out test is lower than vcr: pull-out 
failure is registered;

– a radial displacement due to corrosion unable to 
produce cover cracking (vcr) is reached and dur-
ing the test the additional radial displacement 
due to the pull-out test is higher than vcr: split-
ting failure occurs during the test;

– a certain amount of corrosion able to produce 
cover cracking is present. The specimen is 
already cracked with splitting type cracks before 
the starting of pull-out test.

In case of splitting failure it is assumed that the 
radial displacement increases steeply with the slip 
because of the formation of a sliding surface. This 

sliding surface has a slope characterized by rib 
depth and rib space as indicated by other authors 
(Tastani & Pantazopoulou 2012) and is here taken 
into consideration with a v/s = 0.1.

Furthermore, the radial displacement is updated 
to take into account the Poisson effect exerted by 
the longitudinal stress of bars.

2.5 Local bond stress-slip relationship

The local bond slip relationship for unconfined 
concrete reported in MC2010 (2010) is chosen. 
The relationship is described from the following 
equations:

τ τ
α

⋅τ
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

< ≤maττ x
s
s

s s≤
1

10for  (29)

τ τ −τ ( )τ τ ⋅ < ≤maττ x (ττ τ s s−
s s−

s < s1

3 1s
1 3≤s< sfor  (30)

τ τ= >τ fτ s s>fo 3  (31)

where τmax is the maximum bond strength, s1 is the 
slip at the maximum bond strength is assumed 
equal to 0.5 mm, α equal to 0.4, τf = 0.5 ⋅ τmax and s3 
is the clear rib spacing.

Even though the MC2010 indicates τmax as a 
function of concrete compressive strength, in this 
paper, τmax is a function of the lateral pressure 
according to the following failure criterion that is 
set to the experimental values of reference speci-
mens (uncorroded and unconfined):

τ μσmaττ x + p pσ σf r Mσ ≤pσ Pa25  (32)

τ μσ σmaττ x μσ+ p p,σ l pσ p p, lf r Mσ > =σpσ σ Pa25  (33)

where μ is the friction angle assumed equal to 0.9, 
c is the cohesion assumed equal to 1.5 MPa and 
σp,pl is the pressure beyond of which maximum tan-
gential stress do not increases anymore. In this way 
the maximum bond strength is varying according 
to the lateral pressure σp and is different along the 
embedment length. In addition with the increasing 
value of corrosion, the value of s1 is proportion-
ally reduced according to the following formula 
in order to take into account the stiffness increase 
caused by corrosion:

s xave ax ve1 0 5 0 25
50

50⋅ ≤xave. . f m50≤xax ve μ  (34)

s ave1 0 25 5xave 0xave0 25.25 fo mμ  (35)

Furthermore, for a small amount of slip, 
the frictional (33–34) criterion cannot take into 
account the chemical adhesion at the steel-concrete 
interface that is responsible of the stress transfer 
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mechanism at low value of bond. Therefore the fol-
lowing formulation for an higher cohesion contri-
bution, only for small slip values, is proposed:

c
s
s

s sp pl= +p pl − ( )p pl ⋅
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

≤μσ p ppl p

.

1 5
1

0 2.

1for  (36)

c s s= >s1 1. f5 o  (37)

3 DATA ANALYSIS AND DISCUSSION

The model previously introduced is used to simulate 
the results of pull-out tests in presence of corrosion 
performed by the Authors. Complete details can be 
found in Mancini et al. (2014a). Both the pull-out 
tests for confined and unconfined samples were 
tested. For confined specimens, the assumption of 
4 internal cracks is used whereas for unconfined 
specimens, 2 cracks are considered according to 
Noghabai (1998). Furthermore the coefficient α for 
the evaluation of expansive effect of the oxides is set 
equal to 5 within the range 1.8–6.4 as indicated by 
Lundgren (2002) and Pantazopoulou & Papoulia 
(2001). The tests have been conducted according 
to the suggestion reported in Mancini & Tondolo 
(2014b) especially for what concerns current density 
for the accelerated electrochemical corrosion.

In the Figure 3 the radial pressure due to an 
imposed radial displacement for both confined 
and unconfined specimens is shown. It is evident 
for unconfined specimens as increasing the radial 
displacement a pressure rise is registered but after 
reaching the maximum pressure when rcr = rcr,crit 
and then a splitting failure occurs. For confined 
specimens, due to the effect of transversal rein-
forcement it is evident that the higher is the radial 
displacement, the more is the radial pressure. This 
increment is valid until yielding of stirrups.

In Figures 4 and 5 it is shown the bond slip 
behavior for unconfined and confined specimens 

Figure 3. Radial pressure with radial displacement for 
confided and unconfined RILEM pull-out specimens 
with 12 mm diameter embedded bar.

Figure 4. Bond slip curves for unconfined, uncorroded 
and corroded specimens with different weight loss level. 
The numbers near the curves indicate real corrosion in 
terms of weigth loss.
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Figure 5. Bond slip curves for confined, uncorroded 
and corroded specimens with different corrosion levels. 
The numbers near the curves indicate real corrosion in 
terms of weigth loss.

 respectively; it is possible to observe the model 
simulation plotted with the dashed line whereas 
for each level of corrosion, a black and grey 
experimental curves are reported. Both Figures 4 
and 5 present test on specimens corroded for an 
estimated level equal to 0, 2, 5, 10, 20 percent of 
mass loss (from top to bottom of Figs. 4 and 5). 
Actually, the real mass loss, evaluated by means 
of a gravimetric procedure after the tests, is pic-
tured for each specimen into the graphs on the 
corresponding curve whereas the simulation of 
the model refers to the estimated theoretical mass 
loss. It is evidenced a good agreement between the 
experimental and numerical curves. As reported in 
Mancini et al. (2014a) an anomaly can be associ-
ated with specimen N12-C00-1 probably due to a 
poor compaction during casting.

4 CONCLUSIONS

In the present work an analytical model able to 
simulate the structural behaviour of embedded 
steel in concrete even in presence of corrosion 
and transversal confinement is introduced. The 
model reproduces the structural scheme of pull-out 
RILEM bond test. It is able to take into account 
the effect of radial pressure due to: the mechanical 
action that arises between concrete and the ribs of 
the bar, the corrosion of the longitudinal bar and 
the presence of confinement. Local bond-slip rela-
tionship is related to a failure criterion in which the 
maximum bond strength is function of the radial 
pressure. Pull-out failures and splitting failures 
can be reproduced. An interaction between the 
effects of corrosion and bond action is highlighted 
in terms of radial pressure. This model is used to 
simulate the experimental results of pull-out speci-
mens characterized by the presence of transversal 
confinement. The longitudinal bars of the speci-
mens were subjected to a corrosion values ranging 
between 0% and 20% in terms of mass loss. The 
model is able to reproduce the increase of bond 
strength for low values of corrosion if  they are una-
ble to already crack the concrete before the bond 
test. A good agreement can be evidenced for all the 
corrosion valued both for confined and unconfined 
specimens. Splitting failures are properly associated 
to unconfined samples with a minimum values of 
corrosion starting from 5% whereas for all the oth-
ers test a pull-out mechanism is reproduced.
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Pull-out tests on R.C. corroded specimens
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ABSTRACT: The structural behaviour of reinforced concrete structures is strictly related to bond perform-
ance between steel and concrete. In the present paper, bond tests on r.c. specimens in presence of corrosion are 
performed in order to evaluate the damage on bond mechanism due to corrosion. The results of the tests on 
concrete specimens with RILEM type shape, having side of 120 mm and 160 mm, reinforced with ribbed steel 
bars with diameter of 12 and 16 mm, respectively with and without confinement, in presence of an increas-
ing level of corrosion up to 20% of estimated mass loss are presented. Corrosion is applied by means of an 
electrochemical procedure using a current density of 200 μA/cm2. The test results show the effect of oxidation 
of the steel at the interface with concrete and the change of performance in terms of bond strength.

series is completed, whereas some samples of the 
second series are still under test.

2 PREVIOUS EXPERIMENTAL 
INVESTIGATIONS

A large amount of bond tests designed to inves-
tigate the issue of performance interface between 
steel and concrete in presence of corrosion is 
available in literature. Bond tests can be essen-
tially divided into two main categories: beam and 
pull-out tests. In beam test, the concrete around 
the tensed bar is in tension, whereas the concrete 
results to be in compression in the pull-out one. 
Another classification can be associated with a 
long or short embedment length related to the 
value of the bar diameter. It could be assumed as 
short embedment length a length equal or lower 
than five bar diameters, whereas a long embed-
ment length is attributed to a length of more than 
five diameter. It is important to give this distinction 
because for short embedment length, the average 
bond strength versus the slip (measured at the free 
edge of the bar) could be taken as representative of 
a local bond-slip relationship more than for long 
embedment length tests. A detailed survey on cor-
rosion tests available in literature can be found in 
Mancini & Tondolo (2014) and in a previous paper 
of the same Authors (Mancini et al. 2014).

3 EXPERIMENTAL PROGRAM

3.1 Test procedure

Pull-out tests were carried out in order to evaluate 
bond slip performance for specimens under dif-
ferent corrosion levels. Non corroded specimens 

1 INTRODUCTION

Corrosion is definitely the most important deg-
radation mechanism for reinforced concrete (r.c.) 
structures. Even if  designed against corrosion attack 
within the service life, r.c. structures very often 
remain in service well beyond that time so, except if  
an accurate maintenance is performed, corrosion is 
expected to appear at a certain time. Corrosion level 
is considered a significant parameter for evaluating 
the structural condition of r.c. structures. In fact, it 
influences not only the flexural and shear ultimate 
capacity, ductility and anchorage strength, but also 
service behaviour in terms of stresses, cracks for-
mation and deformation (Rodriguez et al. 1994). 
Reinforcement corrosion modifies steel transversal 
section with a reduction of effective area, concrete 
integrity by cracking of portions around corroded 
bar, eventually with spalling and delamination of 
concrete cover, and finally the interaction between 
concrete and reinforcement by a bond reduction. 
On the other side it can be observed that the per-
formance of r.c. structures is deeply associated to 
bond mechanism (Giordano et al. 2011).

A lot of experimental tests on bond between steel 
and concrete have been performed in the past using 
a very high level of current density (higher than 
500 μA/cm2), without transverse confinement and 
with a medium-low amount of corrosion (lower 
than 10% of mass loss) that does not provide infor-
mation for corrosion levels over than 5%.

In order to extend the knowledge about bond 
in presence of corrosion, tests with a specific 
setup have been performed: low current density 
(200 μA/cm2), confined test specimen with cor-
roded transverse reinforcement, test performed up 
to a corrosion level of 20% with bar diameters of 
12 and 16 mm. At the moment, the first diameter 
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were also tested for comparison purpose. All cor-
roded specimens were subjected to the procedure 
of electrochemical corrosion: the amount of cur-
rent density used was equal to 200 μA/cm2 in line 
with other experimental tests performed in the past 
by the same Authors. This current density can be 
considered as an upper limit for the reliability of 
electrochemical accelerated corrosion methods 
(Mancini & Tondolo 2014). The electrical current 
was applied directly on both longitudinal bars and 
stirrups for samples were the latter were present. 
So it was simulated the actual conditions in r.c. 
structures, where the corrosion definitely affects 
the outer layer of reinforcement (stirrups) at least 
as much as the internal (longitudinal bars) one. 
The experimental procedure was set in the follow-
ing daily steps: wet-dry cycles in order to ensure 
a wetness parameter wt = 0.75 (Duracrete, 2000), 
visual inspection with evaluation and eventually 
measurement of corrosion crack widths. At the 
end of this procedure, once an expected amount of 
corrosion was reached for each specimen, a pull-
out test was performed. Moreover, every corroded 
specimens was demolished in order to extract its 
reinforcement for a weight procedure in agreement 
with of G1-90 Standard (2003) and for compari-
son purpose with theoretical data.

3.2 Specimens description

The dimensions of the specimens were in line 
with pull-out test of RILEM standard (1994) (see 
Fig. 1). Reinforcement was made of a steel grade 
B450C. The longitudinal reinforcement had a 
length of about 500 mm and a 12 mm diameter 
for the “12 series” whereas the longitudinal rein-
forcement was a 16 mm diameter with a length 
of about 800 mm for specimens of “16 series”. 
A common Portland cement type was used; the 
mix proportions, by weight of cement, sand and 
gravel were 1:2.6:3.7 with a maximum aggregate 
size of 14 mm and a water/cement ratio of 0.6. The 
concrete mix was poured into 120 × 120 × 120 and 
into 160 × 160 × 160 steel moulds. Eight concrete 
cubes with side 160 mm and eight cylinders with 
150 mm diameter were also casted for testing cubic 

compression and tensile strength respectively. For 
all specimens 3% of NaCl by weight of cement was 
added to the mixture in order to accelerate corro-
sion process. After two days from casting, the sam-
ples were removed from the moulds and placed into 
water for 28 days. The 28-day cured specimens had 
an averaged measured strength Rc equal to 30.9 
MPa and tensile splitting strength fct,sp of  3.15 MPa 
estimated by means of an indirect test method.

In the following, Table 1 lists all the sam-
ples tested up to now during the experimental 
campaign.

The transverse reinforcement was made by 
closed stirrups with diameter of 8 mm, length 
equal to 352 mm and spacing of 23 mm for 12 mm 
bars specimens whereas for bars of 16 mm close 
stirrups with 8 mm diameter, length of 480 mm 
and spacing of 50 mm (Fig. 2) were used.

The specimen named SY-CXX-1 was charac-
terized by the presence of transverse reinforce-
ment (S in spite of N, that means no transverse 

Figure 1. Overview of the specimen and testing machine.

Table 1. Samples of the experimental campaign.

Label

Transv Expected* Measured*

Reinforce Corrosion [%] Corrosion [%]

N12-C00-1 No  0 –
N12-C00-2 No  0 –
N12-C02-1 No  2 1.7
N12-C02-2 No  2 3.4
N12-C05-1 No  5 5.6
N12-C05-2 No  5 6.4
N12-C10-1 No 10 11.8
N12-C10-2 No 10 11.6
N12-C20-1 No 20 23.6
N12-C20-2 No 20 26.0
S12-C00-1 Yes  0 –
S12-C00-2 Yes  0 –
S12-C02-1 Yes  2 0.7
S12-C02-2 Yes  2 2.1
S12-C05-1 Yes  5 3.4
S12-C05-2 Yes  5 5.4
S12-C10-1 Yes 10 6.2
S12-C10-2 Yes 10 10.7
S12-C20-1 Yes 20 18.9
S12-C20-2 Yes 20 18.5
N16-C00-1 No  0 **
N16-C00-2 No  0 **
N16-C02-1 No  2 **
N16-C02-2 No  2 **
N16-C05-1 No  5 **
S16-C00-1 Yes  0 **
S16-C00-2 Yes  0 **
S16-C02-2 Yes  2 **
S16-C05-2 Yes  5 **

*Mass reduction; **not yet measured.
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reinforcement), Y that corresponds to the bar 
diameter (12 or 16 mm) theoretical level of corro-
sion of XX% and it was the first sample of this 
type (suffix 1). In fact it was designed to have at 
least two specimen for each setting for comparison 
purpose. At time of drafting not all the specimens 
were tested and therefore Table 1 is not complete 
with all the 40 specimens; and for some tested sam-
ple the actual corrosion is not referred. As evident 
from Figures 1, 2, the bonded length was 5 times 
the bar diameter. The remaining part of bar inside 
the specimen was covered with plastic sleeve. 
Before casting, wooden spacers were used in order 
to give rigidity to the transverse reinforcement and 
ensure the proper stirrup spacing.  Concrete cover 
was ensured through wooden sticks (see Fig. 3), of 
length equal to specimen side, placed on the rein-
forcement with cables ties. After the positioning of 
the sticks, the initial wooden spacers were removed. 

The electric cables were linked to transverse and 
longitudinal reinforcement: they connected elec-
trically reinforcement and ensured the proper 
concrete cover in the vertical plane through steel 
clamps (see Fig. 3).

3.3 Accelerated corrosion method

The accelerated corrosion process was obtained 
through the application of  direct current on 
both the longitudinal bar and the stirrups 
(anodes) within the specimen through electrical 
cables fixed to the reinforcement before casting 
(see Fig. 3). The specimens were subjected to a 
current density of  200 μA/cm2 (Fig. 4). The cath-
ode was a stainless steel wool, fixed on a fabric 
that covered all the faces of  the specimen (Fig. 5); 
it was positioned along the bonded length of  the 
specimen.

The fabric had a double function: it kept the 
moisture preventing a rapid evaporation of the 
water used for wetting and ensured the contact 
between the stainless steel wool and the surface of 
the specimen.

The specimens, coated by the cathode, were 
placed inside plastic containers, were covered with 
a plastic top and subjected to wet and drying cycles 
(Fig. 5).

In order to obtain a specific value of corrosion 
in terms of mass loss, a prediction formula was 
used. Starting from Faraday’s law, it is possible to 
obtain the time needed to reach a desired level of 
mass loss through the application of a current I:

Δ =
⋅

m
M I⋅ t

z F⋅  
(1)

where Δm is the consumed mass of iron (in grams), 
M is the atomic weight of the metal (56 g for the Fe), 
I is the current intensity (in Ampere), t is the time (in 
seconds), z is the valence (2) that is the number of 
electrons that the iron brings into play in the redox 

Figure 2. Detailed specimens geometry.

Figure 3. Reinforcement, wooded sticks and electrical 
connections in the formwork and casting.
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process, F is the Faraday constant (96500 A ⋅ s). The 
current intensity to use I(A) is obtained by multiply-
ing the current density (200 μA/cm2 max allowable 
value, as discussed in Mancini & Tondolo, 2014) for 
the lateral surface of the anodes. The initial mass 
of the reinforcement is calculated as the product of 
the mass density ρ of the iron, equal to 7.85 g/cm3, 
and the volume of the same reinforcement. The dif-
ferent levels of corrosion are referred only to the 
longitudinal bar: for the given Cxx level of corro-
sion, so specimen with stirrups must be subjected 
to a time of corrosion equal to that of the specimen 
without stirrups. Comparison between theoretical 
and actual degree of corrosion can be obtained 
after bar weight procedure.

3.4 Pull-out tests 

The pull-out test, in line with RILEM-
 recommendation, was used to determine bond 
efficiency. Each test was conducted under displace-
ment control with a rate of 0.2 mm/min using a 
Baldwin universal testing machine with capacity 
of 500 kN. The relative displacement between steel 
and concrete was measured up to bond failure at 
the unloaded end. In Figure 1 both a scheme of the 

pull-out test and a picture of specimen S16-C00–2 
are shown.

4 TEST RESULTS AND DISCUSSION

In order to study the bond between bar and con-
crete in presence of corrosion, the following issues 
are analysed:

– bond stress-slip curve and in particular maxi-
mum bond strength with different level of 
corrosion;

– effect of confinement on bond performance;
– comparison between theoretical and actual 

degree of corrosion.

The pull-out test for every specimen gives the 
relation τ-s (see Fig. 6) where “s” is the slip meas-
ured under the tensile force T and τm is the average 
bond stress calculated by means of the following 
expression:

τ
π φmτ

emb

T
le

=
⋅φ  

(2)

where lemb is the embedment length and φ is bar 
diameter.

For every type of specimen, two samples were 
tested, except that for specimens N16-C05 and 
S16-C10 and for all the specimens of 16 series with 
10% and 20% of corrosion, because they were not 
yet ready for test.

The average bond strength of uncorroded speci-
mens of series 12 mm (Fig. 6a) was approximately 
equal to 17.4 MPa in presence of transverse con-
finement, whereas it was 12.0 MPa for specimens 
without stirrups. It can be observed from Figure 6a 
that up to 5 mm of slip only a slight reduction of 
bond strength is perceivable, showing a presence 
of ductile behaviour even if  the maximum bond 
strength was registered for about 1 mm of slip.

In Figure 6b the results of four test in presence 
of estimated 2% corrosion are reported. Except for 
specimen S12-C02-1, that shows a marked differ-
ence in bond efficiency if  compared to the uncor-
roded confined tests and to S12-C02-2, the other 
samples reveal an increase of bond strength with 
also a rise in terms of stiffness; the latter effect is 
evident from the reduced value of slip correspond-
ing to the maximum bond strength (0.3 mm). 
Moreover the increase in bond strength is even 
more evident for specimen without stirrups than 
in the confined specimen. The increase of bond 
strength was described in previous experimental 
researches and summarized in fib Bulletin n°10 
(2001). The reduction of bond stresses after the 
peak load with increasing slip is more evident for 
the uncorroded specimens; that is with increasing 

Figure 4. Scheme of corrosion for a confined specimen.

Figure 5. Accelerated corrosion system.
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decrease of bond. The anomalous behaviour for 
specimen N12-C02-1, if  compared to N12-C02-2, 
could be explained by a low level of actual corro-
sion (see Table 1). The bond strength of the speci-
men S12-C02-2 with an expected corrosion level 
of 2% was 23.5 MPa for confined specimens and 
equal to 23.1 MPa for unconfined specimens.

The confined specimen with corrosion level 5% 
(Fig. 6c) had a bond strength of 19.0 MPa whereas 
the bond strength of specimen without stirrups 
was 7.4 MPa with a rapid decay of the curve due 
to the splitting failure. With this level of corrosion 
an important decay of bond efficiency is registered 
for unconfined specimens. This is practically due 
to the presence of internal and external cracks 
caused by corrosion, that drastically reduces the 
bond capacity of the specimens.

Finally, the test results with 0 to 5% of corro-
sion suggest that initially bond strength, due to 
the increase of lateral pressure exerted by the rust 
along the embedment length, takes advantages 
from it, but when corrosion level exceeds a cer-
tain value (2%) bond strength becomes smaller for 
unconfined specimens, by effect of the presence of 
longitudinal cracks caused by corrosion before the 
bond test.

In Figure 7 some results for specimens with 
16 mm diameter bar are reported. It is evident for 
confined specimens the increase in bond strength 
efficiency associated with the progressive attack 
penetration (assuming theoretical values of corro-
sion). The unconfined specimens with 0% of cor-
rosion show a very high value of bond strength, 
being the average value even higher than the aver-
age value for confined uncorroded specimens. For 
unconfined samples with 2% of corrosion, the 
splitting failure is obtained during the bond tests 
but they were already cracked before the bond 
test; they reached an average bond strength of 
16.5 MPa. Another reduction of bond strength is 
again registered for 5% of theoretical corrosion; its 
value was about 8.1 MPa. Again, corrosion cracks 
were present before the test. For specimen actual 
conditions before the bond test see Figure 8.

The analysis of the two series (12 and 16 mm) 
reveals some similarities and also some differences 
in terms of structural behaviour. For both series, 
considering confined specimens, an increase of 
bond efficiency with corrosion is registered. On the 
other hand for series of 12 mm the bond strength 
for unconfined specimens for 2% of mass loss 
reveals an increase of bond strength and only at 5% 
the splitting failure is observed with a correspond-
ing drop of bond strength; for series of 16 mm 
the increment at 2% is not observed, because the 
confinement exerted by the surrounding concrete 
(size effect) determined a higher value of confine-
ment but also the appearance of stresses able to 

Figure 6. Bond slip curves for N/S12 series.

slip, unconfined specimens tend to reduce their 
bond stress in a more pronounced way then the 
confined specimens.

The reason for that, for unconfined specimens, 
is the absence of stirrups able to prevent a rapid 
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reach the tensile strength and to produce splitting 
failure.

In Figure 8 two pictures of  the specimen N16-
C05-1 after the corrosion process and before the 
mechanical test are reported. Crack pattern visible 
on the surface and in particular along the rebar 
is very similar to that caused by splitting tensile 
stresses generated by bond; therefore, as described 
earlier, after a certain amount of  corrosion, bond 
strength is directly reduced because cracking 
around the main bar is achieved  earlier. Once the 
confining effect of  the concrete is lost, there is a 

sudden collapse. One can be see for almost all the 
corroded specimens that bond strength is lower 
than that registered for the corresponding uncor-
roded specimen and it corresponds to a lower 
value of  slip, this is due to a more stiff  connection 
between steel and concrete caused by rust pres-
sure effect.

The comparison between designed and meas-
ured corrosion level for longitudinal and transverse 
reinforcement was computed using the results of 
the gravimetric procedure ASTM G1-03 (2003) 
and comparing the final weight with the one before 
the test (Table 1). Predicted corrosion percentage 
of longitudinal bar was estimated to be reached 
in not confined specimens; it was obtained nev-
ertheless the technical difficulties in measurement 
of very small mass variations. Actual corrosion 
effectiveness of longitudinal bar in confined speci-
mens was not equal to the predicted one. Besides, 
stirrups reached higher corrosion levels than esti-
mated percentages.

Unlike not confined specimens, those with 
transverse reinforcement already show a consid-
erable crack pattern and rust stains at corrosion 
level 5%. Taking into account of low corrosion 
percentage, superficial rust in confined specimens 
is mainly due to stirrups because of their proximity 
to the specimen surface. Both confined and uncon-
fined specimen types do not show delamination of 
concrete cover during the corrosion phase.

Unconfined specimens with 5, 10 and 20% of 
induced corrosion reveal longitudinal cracks that 
become wider during the pull-out test. This dem-
onstrates the correlation between cracks due to 
corrosion and the weakening of bond transmission 
mechanism between steel and concrete.

5 CONCLUSIONS

In this paper bond between steel and concrete in 
presence of corrosion is analysed in terms of local 
bond-slip behaviour, by means of pull-out tests of 
specimen according to RILEM (1994). The experi-
mental campaign considered both unconfined 
(typical Rilem configuration) and confined speci-
mens with two closed stirrups placed along the 
embedment length. Two different series of speci-
men with bar diameter of 12 and 16 mm respec-
tively were tested. The results of some samples of 
the series 16 mm are not yet available. The whole 
experimental campaign considers specimens with 
a corrosion level from 0 to 20% of bar mass loss. 
The corroded specimens were previously subjected 
to corrosion (both longitudinal bar and stirrups) 
up to the expected corrosion level and then sub-
sequently mechanically tested. The electrochemi-
cal corrosion method used a relatively low level of 

Figure 7. Bond slip curves for N/S16 series.

Figure 8. N16-C05-1 specimen after corrosion process.
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current density (200 μA/cm2) so to obtain reliable 
data for application on real structures. The results 
demonstrate an important influence of the level 
of corrosion and in particular the key role played 
by the presence of stirrups for both the maximum 
bond strength and the global bond-slip response.

In absence of confinement exerted by stirrups, up 
to 2% of corrosion, an increase of bond efficiency 
is registered for specimens with 12 mm diameter 
whereas a progressive reduction of bond strength 
is highlighted for series of 16 mm for increasing 
corrosion levels. However, even for series 12 mm, 
a sudden reduction is measured when 5% of cor-
rosion is reached and a reduced bond strength is 
evidenced. This trend is confirmed for corrosion 
levels of 10 and 20% of mass loss. The reduction of 
bond strength is obviously associated to the longi-
tudinal crack formation due to both corrosion and 
splitting effect caused by the mechanical action of 
bond. Therefore two situations can be observed 
respect to the longitudinal crack in corroded 
specimens: it was not formed (N12-C02-1/2) both 
before and during the test so corrosion increases 
bond efficiency and then pull-out failure occurred; 
it was formed before the test because of corrosion 
and then only a residual strength is available (all 
the other specimens).

Confined specimens of series 12 mm showed a 
progressive rise of bond efficiency with increasing 
level of corrosion. On the other hand, the series 
16 mm appears to be more sensitive to the pres-
ence of corrosion since 2% of corrosion, showing 

an important gain in bond efficiency that remained 
constant for 5% of corrosion.
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ABSTRACT: Corrosion of steel reinforcement in concrete, due to the ingress of  chloride ions, is the 
most significant form of concrete deterioration. Fresh concrete however, provides a highly alkaline 
environment which facilitates a protective passive oxide layer around the steel reinforcement. Modern 
engineering standards provide guidance to designers on the specification of concrete mixes to meet a 
prescribed design life. More than one cement blend may however be available to meet the specific design 
life for a particular exposure classification, which can occasionally lead to confusion. This work inves-
tigated the corrosion resistance of BS 8500 compliant cement combinations for a XS3 environmental 
exposure in order to identify relative durability performance differences. The concretes investigated con-
tained Portland Cement (PC), Fly Ash (FA) and Ground Granulated Blastfurnace Slag (GGBS). FA and 
GGBS were blended in binary combinations with the PC, at levels of  28% and 51% respectively. Two 
water/cement (w/c) ratios of  0.35 and 0.40 were investigated, together with total cementitious contents 
of  380 kg/m3, representing typical structural reinforced concrete. Specimens were cyclically exposed to 
a saline solution and tested for compressive strength, electrochemical potential, resistivity, and chloride 
ion content with depth.

thermal cracking and early age shrinkage, which 
will therefore reduce durability.

In addition, it is widely accepted that increasing 
the depth of cover provided to the reinforcement 
would have a beneficial effect to durability. It is not 
uncommon to identify cover levels of 100 mm or 
more in major bridge construction projects in order 
to achieve a service life of 120 years. However, 
there is usually little consideration to structural 
effects and stress distribution within the members, 
as an increase in cover in a region of high tensile 
stresses, may result in structural cracking.

Furthermore, the significance of the transport 
mechanism of ions such as chlorides is often over-
looked. In fact, modern durability analysis is based 
on the application of mathematical modelling based 
on probabilistic approaches (e.g. fib 2010, Concrete 
Society 2004). These models are based primarily on 
Fick’s 2nd law of diffusion, incorporating empiri-
cal factors to improve mathematical and laboratory 
result fitting. However, it is commonly overlooked 
that the primary mode of transport of external 
chlorides ions into concrete, is sorption, which is 
achieved by means of  capillary suction (Christo-
doulou et al. 2013,  Ungricht 2004).

1 INTRODUCTION

Corrosion of reinforcement is the most common 
cause of deterioration. Modern design standards 
aim to overcome this by means of prescribed 
controls such as minimum cementitious content, 
minimum cover, maximum water/cement ratio etc 
(British Standards 2006). This is generally known 
as a “deemed-to-satisfy approach” and assumes 
that the concrete composition selected will result in 
the desired service life (Gulikers 2014). However, 
such an approach is not taking adequately into 
consideration the significantly different perform-
ance of cementitious binders, which will ultimately 
control the time to onset of corrosion.

However, the ultimate choice of concrete mix 
design lies with the designer, who may be unfamil-
iar with the effect of the numerous variables which 
will influence the overall durability performance 
of the final product. Furthermore, there is a com-
mon misconception that a greater cementitious 
content will result in significant improvements 
in concrete durability as a result of a potentially 
greater cementitious binder capability. However, 
this is not rigorously proven. In fact, significant 
increases in cementitious content may result in 
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Therefore, it is often the case—in particular 
for ordinary structures such as typical highway 
crossings—that the structural designer, who is also 
responsible for the selection of the concrete mix 
design, is presented with the option of a number 
of concrete mix designs conforming to the design 
standard requirements and are all “deemed to sat-
isfy” the intended design life.

With particular reference to BS 8500 (British 
Standards Institution 2006), based on a design life 
of 100 years and an XS3 environmental exposure 
class (i.e. tidal, splash and spray zones), which is 
generally considered to be the most significant 
regarding durability, the following permissible mix 
design combinations are shown in Table 1.

Theoretically, all of the above design combi-
nations, have a similar durability performance, 
despite the fact that there are infinite resultant 
concrete mix designs combinations due to the 
inclusion of secondary cementitious materials in 
various percentages.

The aim of this research was to undertake pre-
liminary research on the performance of resultant 
concrete mix designs from the above three main 
design categories for an XS3 environmental expo-
sure class, in order to establish whether there were 
any differences in their performance. The results of 
this study would assist in producing guidance notes 
to designers of reinforced concrete structures.

2 METHODOLOGY

The following sections provide a summary of the 
mix designs, specimen preparation and testing pro-
cedures used on this study.

2.1 Concrete mix designs

Based on the permissible design combinations, 
CEM I (Portland cement), CEM IIB-V (Portland 
cement with 21% to 35% fly ash) and CEM IIIA 
(Portland cement with 36% to 65% GGBS) were 
investigated. For the binary concrete mix designs 
(i.e. CEM IIB-V and CEM IIIA), the average 
allowable percentage of cement replacement mate-
rial was used.

As the minimum concrete cover of CEM I is 
higher than that of the binary blends, an addi-
tional CEM I mix design with a similar minimum 
cover depth to CEM IIB-V and CEM IIIA was 
also investigated. Table 2 provides a summary of 
the concrete mix designs used for this research 
programme.

2.2 Specimens

For each concrete mix design, two slabs with 
dimensions of 300 mm wide by 500 mm long 
and 125 mm deep were cast, together with 6 Nr 
100 mm3 cubes. Each slab contained 2 Nr 16 mm 
diameter, 480 mm long ribbed reinforcing main 
bars, which were interconnected by 2 Nr 6 mm 
diameter, 295 mm long smooth transversely placed 
reinforcing bars (Fig. 1).

2.3 Conditioning

The slabs were air cured for a period of 28 days. Fol-
lowing this initial conditioning, they all underwent a 

Table 2. Concrete mix designs.

Mix
reference

Min. 
cover 
(mm)

Max.
w/c 
ratio

Min.
cementitious 
content

Cement 
replacement

CEM I (65) 65 0.4 380 N/A
CEM I (45) 45 0.4 380 N/A
CEM IIB-V 

(45)
45 0.35 380 28% PFA

CEM IIIA 
(45)

45 0.35 380 51% GGBS

Figure 1. Typical slab arrangement.

Table 1. Permissible mix design combinations to 
BS8500 for XS3.

Allowable
cement type

Min. 
cover 
(mm)

Max. 
w/c 
ratio

Min. cementitious 
content (kg/m3)

CEM I/IIAIIB-S 55 0.35 380
CEM I/IIAIIB-S 65 0.4 380
CEM IIB-V/IIIA 45 0.35 380
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cyclic dry and wet conditioning which aimed to rep-
licate XS3 environmental exposure conditions. The 
samples were wetted with an aqueous solution of 
3.5% salinity using laboratory grade sodium chlo-
ride for a period of 3 days and then allowed to air-
dry within the laboratory (i.e. shielded from external 
environmental conditions) for 4 days. This proce-
dure was followed over a total period of 125 days.

2.4 Testing

The following section provides a summary of the 
testing methodology employed, to determine both 
physical and durability characteristics.

2.4.1 Compressive strength
The compressive strength is a simple destructive 
test, where a concrete cube or cylinder is crushed 
under pressure to obtain a compressive strength in 
N/mm2 or MPa. In the UK, this testing technique 
is prescribed within BS12390-3:2009. The com-
pressive strength tests were carried out at ages of 
7 days and 28 days, and also at the end of the test-
ing programme.

2.4.2 Electrochemical potential
Electrochemical potential is a numeric value 
obtained from the potential difference generated 
between an anode and cathode in a corrosion cell 
(ASTM 2009, Concrete Society 2004, Elsener 
2001, Elsener 2003, Stratful 1957). It is a long 
established technique with typical ranges of  steel 
potentials for various conditions against different 
types of  reference electrodes widely available in 
the public domain (DMRB 1990, Elsener 2003).

2.4.3 Surface resistivity
Resistivity is a ‘geometrically independent prop-
erty’ (Hornbostel et al. 2013) that expresses the 
freedom for which ions can transport through 
the pore matrix of a concrete mass (Osterminski 
et al. 2012). The 4-point Wenner probe is one 
non-destructive, electrochemical method of ascer-
taining the resistivity for a mass of reinforced con-
crete (Polder et al. 2000, Goodier et al. 2015). The 
instrument functions by applying a known electri-
cal current between the outer electrodes, with the 
two inner electrodes measuring the drop in volt-
age experienced (Berkeley and Pathmanaban 1990, 
Polder et al. 2000, Bertolini et al. 2004).

2.4.4 Chloride profiles
This particular test allows the establishment of  a 
concentration profile for a body of  concrete that 
has been subjected to an environment contain-
ing chloride ions. Concrete dust samples were 
obtained by drilling of  the specimens. Chloride 
contents are normally expressed as a ‘percentage 
of  chloride ion by mass of  dried sample’ (Con-
crete Society, 2004). The methodology for this test 
is prescribed by BS EN 14629 (British Standards 
Institution 2007), with further technical guidance 
provided by Technical Report No. 60 (Concrete 
Society 2004).

3 RESULTS

This section describes the findings obtained from 
the monitoring of the specimens over a period of 
125 days.

Figure 2. Compressive strength development over time.
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3.1 Compressive strength

Compressive strength testing was undertaken on 
three sets of cubes for each mix design at 7, 28 and 
125 days, and the results are shown in Figure 2. 
The generic trends exhibited by each concrete 
are as would be expected, with an initially rapid 
increase in compressive strength in all cases up to 7 
days, especially for the CEM 1 mix design. The rate 
of compressive strength development then reduces 
up to 28 days and continues to reduce up to the end 
of the testing period.

More specifically though, it can be observed 
that the evolution of  compressive strength 
for CEM IIIA (45) is the lowest both at 7 and 
28 days with CEM I being the highest, as the 
former have the lowest amount of  Portland 
cement. However, at 140 days this has reversed, 
suggesting that the rate of  hydration curing of 
CEM III A has continued, after initial strength 
gain, at a faster rate than the other mix designs. 
This is may be attributed to a prolonged period 
of  moist curing.

Figure 3. Potential evolution over 125 days.

Figure 4. Resistivity evolution over 125 days.
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Table 3. Corrosion risk based on surface 
resistivity (Concrete Society 2004).

Surface resistivity Corrosion risk

>20 kΩcm Low
10–20 kΩcm Low to moderate
5–10 kΩcm High
<5 kΩcm Very high

However, overall resistivity has slowly increased 
for all concrete mix designs. Nevertheless, all read-
ings remained at relatively low levels, normally 
associated with high to moderate risk of corrosion 
(Table 3), which may be attributed to elevated lev-
els of chlorides at the surface of the concrete.

3.4 Chloride profiles

Figure 5 illustrates the results of chloride profiles 
based on drillings undertaken on 25 mm increments. 
It can be observed that, generally, all concretes 
exhibited relatively high chloride concentrations 
at the depth of reinforcement after 125 days. It is 
noted that there is significant variation in the chlo-
ride content of the two CEM I concretes, highlight-
ing the inherent variability of this test method.

4 DISCUSSION

The long term durability of the available mix 
designs is an important consideration, as it will 
allow the designer to choose a blend of concrete 
based on the overall risk and susceptibility of a 
structure to XS3 environmental conditions.

The electrochemical potentials for all the mix 
designs have been depressed with time. This is 
likely to be the result of a large increase in mois-
ture content, as strong capillary suction has drawn 
the additional moisture into the pore matrices of 
the samples. This would increase the conductivity 
of the electrolyte within the cover zone, allowing 
for an increase in corrosion intensity and a reduc-
tion in IR drop.

3.2 Electrochemical potential

Figure 3, provides an overview of the steel potential 
against a silver/silver chloride electrode (Ag/AgCl) 
over a period of 125 days. It can be observed that 
in all cases there was a decline in potentials after the 
first exposure cycle. Most notably, the non-compli-
ant CEM I (45) concrete exhibited a significant drop 
in potential at 125 days. This suggests that corrosion 
of the steel reinforcement may have initiated.

3.3 Resistivity

The evolution of resistivity over time is illustrated 
in Figure 4. On initial inspection, it appears that 
the resistivity of each concrete develops at a differ-
ent rate. However, on closer review it appears that 
the development of resistivity of the CEM I slabs 
is as expected very similar.

The development of resistivity was also very 
similar for the CEM IIB-V and CEM IIIA con-
cretes, which contained pozzolanic material.

The resistivity fluctuations observed are associ-
ated with readings at the start of the drying cycle 
following a wet one, and the end of the drying cycle. 

Figure 5. Chloride profiles.
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It is noted that all of the electrochemical poten-
tial values for the duration of the testing remained 
mainly at absolute values less than −350 mV and in 
accordance to ASTM C-876 (ASTM 2006), sug-
gesting that there is a 90% chance that corrosion 
is active in each of the concretes. However, this 
effect can be attributed to the significant increase 
in moisture which results in depressed potentials. 
However, the CEM I (45) mix design, which is not 
compliant in terms of cover to BS 8500 ( British 
Standards Institution 2006), exhibited a steep 
decline in potentials at approximately 75 days, sug-
gesting that electrochemical activity (i.e. corrosion) 
was taking place.

The development of resistivity appeared to be 
slower for CEM IIB-V (45) than the other mix 
designs, but increased over time, resulting in the 
highest resistivity overall. It is postulated that this 
is due to the slower pozzolanic reaction as a result 
of the addition of PFA and the occupation of 
pores with the latent production of C-S-H l. This is 
also exhibited by the CEM IIIA (45) mix.

Another observation is that the evolution of 
resistivity of CEM IIBV (45) behaves in a simi-
lar manner to CEM I (65) up until approximately 
50 days. From there it diverges, and an increased 
rate of resistivity is observed which may be syn-
onymous with the ‘incubation period’. This infers 
that it has taken approximately 50 days for the pH 
level within CEM IIBV (45) to develop to a level 
where dissolution of the PFA particles may com-
mence, and the pozzolanic reaction of these may 
take effect.

CEM IIIA (45) exhibited a greater increase in 
resistivity than CEM IIBV (45) despite the fact 
that it also contained pozzolanic material. It is 
possible that, for this to occur, the development of 
pH for CEM IIIA (45) has been much quicker than 
CEM IIB-V (45). This is in line with the findings 
of Glass et al. (1991) and Polder (2012).

The chloride profiles for all concretes gave mixed 
results, without very distinctive trends. It was 
observed though, that CEM I (45) had a signifi-
cantly different performance than the CEM I (65) 
mix design at the 25–50 mm and 50–75 mm, sug-
gesting that there may have been issues either with 
the production and casting of the specimens, the 
concrete dust sampling, or the chemical analysis.

These chloride profiles suggest however, that the 
conditioning methodology has presented a highly 
aggressive environment, given the very high level of 
chloride concentration even at depths of 50–75 mm.

Overall, the results of the monitoring have not 
yet given strong evidence which of the CEM I (65), 
CEM IIB-V (45) or CEM IIIA (45) offered greater 
durability performance characteristics. It is postu-
lated that this is due to the fact that the specimens 
have thus far undergone only 9 wetting and drying 

cycles (i.e. 125 days) and therefore are considered 
to still be of a relatively young age. The condi-
tioning cycle will be continued until all concretes 
demonstrate active corrosion activity by means of 
concrete cracking.

However, the results of the potential mapping 
have provided an early indication that for the 
CEM I (45) corrosion activity may be taking place 
only after 125 days of testing.

5 CONCLUSIONS

To date, the research has not yielded tangible evi-
dence to determine which of the complaint CEM I 
(65), CEM IIB-V (45), CEM IIIA (45) concretes 
offers the best durability performance. This may 
be expected as design standards consider that these 
mix designs provide a similar level of durability. 
However, it is noted that the potential mapping 
for the non-compliant CEM I (45) mix design has 
given early evidence that corrosion activity may 
have initiated.

The resistivity of all mix designs has increased 
slowly over time; however, it remained low. Of par-
ticular interest was the fact that the resistivity devel-
opment of CEM IIB-V and CEM IIIA was similar 
to CEM I for the first 50 days. However, the former 
exhibited a greater rate of resistivity increase fol-
lowing this initial period, which is attributed to the 
“incubation period” of the pozzolanic material, as 
CEM IIIA is latent hydraulic.
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ABSTRACT: In order to elucidate changes of the value of relative humidity (R.H.) related to under-
standing of the behavior of ASR expansion within massive concrete bodies, humidity within relatively 
large ASR—affected concrete cylinders (ϕ450 mm × 900 mm) placed in a natural environment as well as 
in atmospheres whose temperature and humidity had been precisely controlled, was pursued by measur-
ing R.H. values for long periods. When changes in R.H. value with time in the concrete with ASR cracks 
which had been placed in dry atmospheres were followed by the re-saturation in an atmosphere of >95% 
R.H., the humidity up to the depth of 100 mm from surfaces increased in early stages after the beginning 
of re-saturating process, but a sudden rise of environmental R.H. to >95% was considerably delayed at 
the depth of 200 mm. It is found that permeability of near-surface regions in the concrete cylinder with 
reactive aggregate was increased by the formation of ASR cracks. When the concrete was exposed to 
natural environments whose humidity changed from 20 to 80% throughout a year, humidity within the 
concrete changed very slowly. R.H. values in surface-near portions up to 50 mm were smaller than 80%, 
but humidity in the portions deeper than 50 mm was maintained at greater than 90% R.H. The perme-
ability of the portions up to the depth of 50 mm decreased during the first drying-re-saturating process 
in a drying-re-saturating repetitions regime in the laboratory. The reduction in permeability of the near-
surface layer thinner than 50 mm may be due to the impregnation of micro-cracks with ASR gels in the 
first drying—re-saturating process.

By conducting measurements of values of rela-
tive humidity and strains within a relatively large 
concrete cylinder in a dry atmosphere, we revealed 
that expansion had greatly decreased with reduc-
tions in humidity in near-surface regions, but a 
high moisture condition had been maintained in 
inner portions of the concrete cylinder, resulting in 
surface cracking (Kagimoto et al. 2011).

Surface cracks on ASR-affected concrete struc-
tures progress with time under conditions of 
wetting-drying repetitions in natural environments. 
However, few study is concerned about how inter-
nal humidity changed in the concrete structures 
which has undergone wetting-drying repetitions. 
Few study reported to what depth internal humid-
ity was affected in the concrete structures in envi-
ronmental atmosphere.

1 INTRODUCTION

Considering that ASR surface cracks were caused 
by differences in expansion between near-surface 
and internal regions (Stark 1991, Hagelia 2004), 
it is necessary to understand what factors influ-
enced ASR expansions and how expansions pro-
ceeded for elucidating the initiation of cracks and 
the process of their extension. Alkali leaching in 
near-surface regions in concrete submitted to high 
moisture environments and intermittently in con-
tact with water, e.g. undergoing rain fall, reduces 
expansions in the near-surface regions (Lindgard 
et al 2012). Thus, humidity significantly influences 
ASR expansion, but there is few study concerning 
variations of humidity within ASR-affected large 
concrete bodies.
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In this study, in order to reveal changes of the 
value of relative humidity (R.H.) for understanding 
the behavior of expansion within massive concrete 
bodies and humidity within relatively large concrete 
cylinders (ϕ450 mm × 450 mm and 600 mm) placed 
in natural environment as well as in atmospheres 
whose temperature and humidity had been precisely 
controlled, was pursued by measuring R.H. values 
with sensors embedded at various depths from the 
surface of the concrete cylinders for long periods.

We reported the changes in R.H. values with 
time at various depths from surfaces after a con-
crete cylinder (ϕ450 mm × 900 mm) which had 
been placed in dry atmospheres for a long time, 
was exposed to a moisture environment of >95% 
R.H. (Kagimoto et al. 2011). After that, humidity 
within another concrete cylinder which underwent 
wetting-drying repetitions in the laboratory several 
times were measured. Changes in internal humidity 
in another concrete cylinder exposed to a natural 
environment was also pursued. On the basis of the 
results obtained, we discussed the characteristics of 
changes in internal humidity in the concrete cylin-
der exposed to a natural environment in this study.

2 OUTLINE OF EXPERIMENTS

2.1 Materials and mix proportion of concrete 

Coarse and fine reactive aggregates used were gravel 
and sand from the Joganjigawa river in Toyama 
Prefecture in Japan; non-reactive aggregates a 
crushed rock produced in Oume and sand from the 
Oigawa river in Japan. Reactive silica in the aggre-
gates was included as opal, glass, cristobalite and 
tridymite. Table 1 provides the dissolved silica (Sc) 
and the reduction in alkalinity (Rc) obtained in the 
application of the standard chemical method for 
seeing potential reactivity of the aggregates (JIS A 
1145). A low alkali cement with an equivalent per-
centage of Na2Oeq of 0.53% was used. Expansions 
of mortars at 6 months measured according to JIS 
A 114 are also given in Table. 1. In the production 
of concrete, a water-reducing admixture was added 
to maintain a slump value of 100 mm.

The mix proportions of concrete are provided in 
Table 2. 5.21 kg NaOH per 1 m3 concrete was added 
at a dosage level of alkali equivalent percentage of 
1.8% Na2Oeq in cement to promote expansion of 
the concrete with reactive aggregate. 

2.2 Production of concrete cylinders 
equipped with strain gauges and censor 
assembly units for measuring humidity

At the production of a concrete cylinder 
(ϕ450 mm × 900 mm), as shown in Figure 1, acrylic 

rods of 30 mm in diameter by 400 mm long, which 
have a cylindrical protrusion (ϕ10 mm × 10 mm) 
on the end, were embedded vertically so as to make 
rooms for accommodating sensor assemblies to 
measure humidity. A figure added on each dot 
in Figure 2 denotes a depth of sensor assemblies 
from surface. About 24 hours after the placement 
of concrete, all of the acrylic rods extracted leav-
ing ϕ30 mm × 300 mm cylindrical holes attached 

Table 1. Properties of aggregate.

Physical properties

Reactive aggregate Non reactive aggregate

Coarse aggregate* Coarse aggregate***
Density: 2.64 g/cm3 Density: 2.71 g/cm3

Absorption: 1.66% Absorption: 0.44%
Fine aggregate** Fine aggregate****
Density: 2.61 g/cm3 Density: 2.62 g/cm3

Absorption: 1.94% Absorption: 1.42%

Alkali reactivity of reactive aggregate

Coarse aggregate* Fine aggregate**

Reduction in alkalinity Reduction in alkalinity
91 mmol/l 61 mmol/l
Dissolved silica Dissolved silica
253 mmol/l 190 mmol/l
JIS mortar bar test JIS mortar bar test
0.34%/6 months 0.38%/6 months

*Jogannji river gravel, **Joganji river sand, ***Oume 
crushed stone, ****Oigawa river sand.

Figure 1. Censor assembly unit for measuring R.H. and 
temperature.

Table 2. Mix proportion of concvrete.

Maximum 
aggregate 
size (mm)

Water 
cement
ratio

Sand
ratio

Unit content (kg/m3)

Water Cement Sand Gravel

20 0.55 0.45 175 318 833 1,030
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with ϕ10 mm × 10 mm cylindrical spaces on the 
end behind (Fig. 2). Sensors for measuring rela-
tive humidity were fixed into the holes drilled in 
the central portions of the other series of acrylic 
cylinders (ϕ30 mm × 40 mm) prepared in advance 
(Fig. 1). After these sensor assemblies were embed-
ded into the end of ϕ30 mm × 300 mm cylindri-
cal holes, mortars were poured into remaining 
upper portions in the holes. Thus, we can meas-
ure R.H. values in atmospheres in small rooms 
(ϕ10 mm × 10 mm) in concrete that were equi-
librium with moisture states in the surrounding 
concretes.

Electrical strain gauges were also embedded in 
concrete in the circumferential direction at depths 
of 10, 20, 30, 40, 50, 100, 200 mm from surfaces of 
concrete cylinders.

Length changes with time in concrete prisms 
under the three different environmental condi-
tions, >95% R.H. at 35 °C and 40 °C, 60% R.H. at 
35 °C up to 73 days followed by a condition of 70% 
R.H. at 40 °C were measured in concrete expan-
sion tests.

2.3 Drying—wetting repetitions tests

2.3.1 Regimes of drying-wetting repetitions
The following three drying-wetting repetitions 
regimes were set up for simulating drying- wetting 
repetitions which concrete structures usually 
undergo in natural environments.

Case A: This regime was instituted for seeing 
changes in R.H. value with time in the concrete 
with ASR cracks which had been placed in dry 
atmospheres followed by the re-saturation in the 
atmosphere of >95% R.H. Namely, the tempera-
ture and R.H. in the storage room were main-
tained at 35 °C and 60% R.H. at early stage and 
then raised to 40 °C and 70% R.H. at 73 days 

for 292 days (the drying process). After that, the 
environmental relative humidity had been raised 
to >95% R.H.

Case B: This case was set up for seeing changes 
in R.H. value with time within the concrete with 
ASR cracks when exposed to the drying-wetting 
repetitions after the drying process in Case A. 
Namely, after the drying process whose details 
were described in Case A, the concrete cylinders 
were exposed to repetitions of the drying (40 °C, 
70% R.H.) and re-saturating process (40 °C, >95% 
R.H.) every 60 days.

Case C: Changes in humidity within a con-
crete cylinder made with a non-reactive aggregate 
exposed to a natural environment were measured. 
The exposure site was positioned about 3 km from 
the coast in Chigasaki in Kanagawa Prefecture in 
Japan in 2011∼2013.

Case D: A reactive aggregate-containing con-
crete cylinder was exposed to a natural environ-
ment in the same site as in Case C.

Details of these four different cases are tabu-
lated in Table 3.

2.3.2 Specimens used in the experiments 
As tabulated in Table 3, the concrete specimen 
used in Case D was what was obtained by cutting 
off  the upper 600 mm from the concrete cylinder 
(ϕ450 mm × 900 mm).

Measurements of R.H. values in Case A and B 
were made once a day for seeing changes in humid-
ity within the concrete cylinder after a drastic 
change in environmental humidity.; measurements 
in Case C and D once a week for seeing differ-
ences in changes of humidity within the concrete 
cylinder throughout a year between the one with 
and without reactive aggregate. Measurements of 
humidity and strain were also once an hour for see-
ing changes in humidity during three days arbitrar-
ily selected.

2.4 Observations of internal cracks 
in the concrete cylinder

After the completion of the drying-re-saturating 
repetition in the Case A, concrete discs about 
20 mm thick were cut from the concrete cylinder 
with the saw. A concrete disc was divided into four 
fan-shaped parts. Then, they were gently dried 
in an atmosphere with 60% R.H. at 20 °C for 
about 24 hours, and then transferred to a vacuum 
desiccator. They were impregnated with an epoxy 
resin with a low viscosity containing a fluorescent 
dye. After the resin hardened at room temperature, 
cutting faces of specimens were polished with the 
SiC powder for observing polished faces under 
normal and UV light.

Figure 2. Positions of sensor assemblies and strain 
gauges in a concrete cylinder.
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3 RESULTS AND DISCUSSION

3.1 Expansion in concrete prisms 

Changes in expansion with time in concrete prisms 
under the three different environmental atmos-
pheres are presented in Figure 3. As shown in this 
figure, concrete prisms in > 95% R.H. at 35 °C and 
40 °C started to rapidly expand about 60 days, and 
then expansion rates gradually decreased towards 
the ultimate expansion of about 3.0%. Namely, the 
latent period of ASR expansion was about 60 days. 
However, concrete prisms in an environment of 
changing 60% R.H., 35 °C to 70% R.H., 40 °C at 
73 days continued to shrink.

3.2 Changes in humidity within an ASR-affected 
concrete cylinder in the drying-re-saturating 
process (Kagimoto et al. 2011) (Case A)

Figure 4 shows changes in humidity within 
the concrete cylinder throughout the drying-

re-saturating process. It is found from this figure 
that the humidity in the portions smaller than 
40 mm in depth gradually decreased with time, 
and reduction rates in humidity in the portions 
greater than 50 mm deep was small. As seen in 
this figure, humidity in the portions deeper than 
100 mm was only a little influenced by the dry 
environments.

It is also found from Figure 4 that after the 
beginning of re-saturating process, increasing 
rates in R.H. values were different at different 
depths. Especially, R.H. value at the depth of 
100 mm gradually increased after the beginning of 
re-saturating process. But, humidity at the depth 
of 200 mm still tended to decrease up to about 
100 days, and then slowly increased towards >95% 
R.H. Furthermore, the increase rates in humidity 
at the depth of 10 mm were as small as those at 
the depth of 200 mm. It is not clear why the per-
meability of  the portions up to 10 mm has been 
reduced.

Table 3. Experimental condition.

Aggregate
Specimens
(mm)

Environmental conditions
Frequency of 
measurements RemarksDrying process Wetting process

A Reactive Φ450 × 900 40 °C, 70% R.H.
Duration:

292* days

40 °C, >95% R.H.
Duration:

1,500 days

Once a day The re-saturating process after 
the end of drying process 
(1 cycle only)

Location of censors for 
measuring humidity: 10, 20, 
30, 40, 50, 70, 200 mm

Electrical strain gauges were 
also contained.

B 40 °C, 70% R.H.
Duration:

315* days

40 °C, >95% R.H.
Duration:

60 days

3 re-saturating—drying 
repetitions for 60 days after 
the end of drying process.

Location of Humidity censor:
10, 20, 30, 40, 50, 100, 200 mm

Electrical strain gauges were 
also embedded.

C Non-reactive Φ450 × 450 Natural environment
Duration: 2 years

Once a week
Once a hour

Natural environment condition
Location of censors for meas-

uring humidity: 25, 50, 75, 
100 mm

Electrical strain gauges were 
also embedded.

D Reactive Φ450 × 600 Natural environment
Duration: 9 months (after the 

completion of exposure tests 
of Case A)

The upper 600 mm potions 
were cut off  from the 
ϕ450 mm × 900 mm cylinder. 
Natural environment condi-
tion after the end of Case A.

Location of censors for meas-
uring humidity: 10, 20, 30, 
40, 50, 70, 200 mm

Electrical strange gauges were 
also embedded.* After 
 finishing case A.

*35 °C, 65% R.H. for first 73 days.
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3.3 Changes in humidity within the ASR-affected 
concrete cylinder exposed to drying-
re-saturating repetitions (Case B)

As seen in Figure 5, R.H. values at the depths of 
20, 30, 40, 50 mm changed sensitively responding 
to the drying-re-saturating repetitions, but R.H. at 
the depths of 60, 70 mm and 200 mm a little and 
little changed, respectively. R.H. values in the por-
tions smaller than 70 mm depth varied in the wave-
like way at regular intervals. Especially, the extent 
of variations of R.H. at the depths smaller 50 mm 
in the first drying-re-re-satulating process were 
greater than those in the second drying-re-satu-
lating process. Little difference was found between 
the amplitude of waves in the second and the third 
repetition. This result indicates that the perme-
ability of the portions up to the depth of 50 mm 
decreased during the first drying-re-saturating 
process. Micro-cracks caused by expansion of 
ASR gel pockets in the drying process accelerated 
the intrusion of water into the concrete cylinders 

in the re-saturating process (Kagimoto et al. 
2011). The reduction in permeability of the near-
surface layer thinner than 50 mm may be due to 
the impregnation of micro-cracks with ASR gels 
in the first re-saturating process, because ASR gels 
became viscous liquid by absorbing water dur-
ing the re-saturating process and moved through 
micro-cracks filling them with gels (Knudsen& 
Thaulow 1975).

3.4 Variations of humidity within a concrete 
cylinder exposed to a natural environment 
(Case C and D)

Figure 6(a) shows variations of R.H. values at 
various depths within a non-reactive aggregate 
concrete cylinder exposed to a natural environ-
ment throughout a year (2012.4∼2013.3). Dots 
in the figure denote R.H. values of the environ-
mental atmosphere. In these areas, environmental 
humidity during the period of June to August is 
usually about 80% R.H. and reduced to smaller 
than about 20% R.H. in the winter. As seen in 
Figure 6(a), R.H. values within the concrete cyl-
inder were higher than 90% R.H. in the summer, 
and reduced to about 80% in the winter corre-
sponding to changes in environmental humidity. 
Around November and December in 2012, R.H. 
values of environmental atmospheres were reduced 
to 20%. Around the fall, humidity at the depth of 
25 mm was 70% R.H., and throughout the win-
ter varied up and down around a critical val ue 
of 80% R.H. below which ASR expansion does 
not occur. Figure 6(a) also shows that humidity 
increased with increasing depth, and for periods of 
the spring to the summer about 95% R.H. at the 
depth of 100 mm. But, R.H. values in the portions 
have not been smaller than 85%.

Plotting R.H. values at various depths within 
a reactive aggregate-containing concrete cylinder 

Figure 3. Expansion curves in concrete prisms 
(100 × 100 × 400 mm) under the three different environ-
mental conditions.

Figure 4. R.H. value vs. time curves at various depths in 
a reactive concrete cylinder.

Figure 5. R.H. value vs. time curves at various depths 
in a reactive concrete cylinder under drying—wetting 
repetitions.
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gives Figure 6(b). It is found from Figure 6(b) that 
R.H. values at the depths smaller than 50 mm in 
the reactive aggregate concrete cylinder were con-
siderably low, compared with those in the non-
reactive aggregate concrete cylinder in the winter. 
Most plots for those depths were lower than a criti-
cal R.H. value of 80%. As also seen in this figure, 
R.H. values at the depth of 40 mm are lower than 
those at the depth of 30 mm. This discrepancy may 
be due to incidental differences in ASR cracks pat-
terns between the two portions at which the sen-
sors were situated. The sensor embedded at the 
depth of 10 mm did not work well.

As shown in Figure 3, expansion of concrete 
prisms with reactive aggregate increased with 
time up to about 300 days in >95% R.H. A few sur-
face cracks were found for the first time in the con-
crete cylinder at 150 days in the Case A (Kagimoto 
et al. 2011).

Surfaces cracks have developed with time and, 
as shown in Figure 7(a), finally tortoise shell-like 

cracks patterns were formed at the end of 
experiment in the Case A. In this figure, only cracks 
whose widths were greater than 0.05 mm, but many 
cracks smaller than 0.05 mm existed. Figure 7(b) 
shows photographs of the polished section of a 
fan shaped concrete piece taken under normal and 
UV light for seeing the depth of surface cracks and 
internal cracks patterns. It is found from this figure 
that a thick crack about 50 mm in length and about 
1 mm wide has progressed from surfaces to inner 
portions. A crack seen in this figure is a part of 
surface cracks in the sectional direction. In addi-
tion to the thick surface crack, a number of meso-
scale cracks were found in this figure. Thus, when 
a reactive aggregate-containing concrete cylinder 
was exposed to drying-wetting repetitions in a nat-
ural environment, R.H. values in the near- surface 
layer were sensitively in response to changes in 
environmental humidity. The sensitive response of 
R.H. values in the near-surface regions to environ-
mental humidity is attributable to increases in per-
meability of the portions caused by the formation 
of ASR micro—and macro-cracks.

As seen in Figure 6(a) and (b), at the depths 
greater than 50 mm, little difference was found 
in variations of R.H. value between the concrete 
cylinders with and without reactive aggregate. 

Figure 6(a). R.H. value vs. time curves at various depths 
in a non-reactive concrete cylinder exposed to a natural 
environment.

Figure 6(b). R.H. value vs. time curves at various 
depths in a reactive concrete cylinder exposed to a natu-
ral environment.

Figure 7(a). Sketches of surface cracks on a reactive 
concrete cylinder in the drying and re-saturating process.

Figure 7(b). Sketches of surface cracks on a reactive 
concrete cylinder in the drying and re-saturating process.
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These results show that water mainly moved 
through thick cracks only in near-surface regions 
(less than 50 mm in depth) in the concrete cylinders 
with and without reactive aggregate in response to 
environmental humidity.

Figure 8 shows changes in environmental 
humidity and humidity within the concrete cyl-
inder during several days arbitrarily selected in 
the summer. As seen in this figure, environmental 
humidity greatly changed from 54% R.H. to 88% 
R.H., but internal humidity little changed even at 
the depth of 10 mm.

4 CONCLUSIONS

The major results obtained are as follows;

1. The humidity in the surface-near regions up to 
100 mm deep increased in early stages after the 
beginning of re-saturating process, but effects 
of an arise to >95% R.H. was delayed at the 
depth of 200 mm in the Case A.

2. Once ASR-affected concrete underwent dry-
ing, changes in humidity within the concrete 
occurred for only short periods responding to 
changes of environmental humidity. Namely, 
permeability in the concrete cylinder was 
increased by the formation of ASR cracks.

3. When the concrete cylinder with reactive 
aggregate exposed to natural environments 
whose humidity changed from 20 to 80% R.H. 

throughout a year, humidity within the concrete 
changed very slowly. R.H. values in surface-near 
portions up to 50 mm were smaller than 80%, 
but humidity in the portions deeper than 50 mm 
was maintained at greater than 90% R.H.

4. Humidity of the portions up to 50 mm from 
surfaces was less than 80% R.H., but the humid-
ity greater than 90% R.H. was maintained at 
depths greater than 50 mm in the Case A.

5. Changes in environmental humidity little influ-
enced the humidity in the portions deeper than 
50 mm even in the ASR-affected concrete cylin-
der in a natural environment.

6. The reduction in permeability of the near-sur-
face layer thinner than 50 mm may be due to the 
impregnation of micro-cracks with ASR gels in 
the first re-saturating process, because ASR gels 
became viscous liquid by absorbing water dur-
ing the re-saturating process and moved through 
micro-cracks.

7. R.H. values in the reactive aggregate concrete 
cylinder at the depths smaller than 50 mm 
were considerably low compared with those in 
the non-reactive aggregate concrete cylinder in 
the winter.

REFERENCES

Hagelia P. (2004). Origin of map cracking in view of the 
distribution of airvoids, strength and ASR-gel, Pro-
ceedings of 12th International Conference on Alkali 
Aggregate in Concrete, Beijing, China, pp. 870–881.

Kagimoto, H., M. Kawamura (2011). Measurements of 
strain and humidity within massive concrete cylinders 
related to the formation of ASR surface cracks, J. 
Cem. Concr. Res. 41 (8), pp. 808–816.

Knudsen T. and N. Thaulow (1975) Quantitative micro-
analyses of alkali-silica gel in concrete, Cem. Concr. 
Res. 5 (5), pp. 443–454.

Lindgard, J., O. Andic-Cakir, I. Fernandes, T.F. Ronning, 
M.D.A. Thomas (2012). Alkali-Silica Reactions (ASR): 
Literature review on parameters influencing labora-
tory performance testing. J.Cem.Concr.Res. 42 (2), 
pp. 223–243.

Stark D. (1991). The moisture condition of field concrete 
exhibiting alkali-silica reactivity, in: V.M.  Malhotra 
(Ed.), Proceedings of the 2nd International Con-
ference on Durability of Concrete, ACI SP-126, 
 Montreal, Canada, pp. 973–987.

Figure 8. Daily changing of relative humidity in a reac-
tive concrete cylinder.

ICCRRR15_Fullpaper_Book.indb   145ICCRRR15_Fullpaper_Book.indb   145 8/27/2015   9:09:27 AM8/27/2015   9:09:27 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-21&iName=master.img-009.jpg&w=189&h=129


147

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2

Influence of electrochemical lithium penetration from various 
kinds of lithium solution on ASR expansion of concrete

T. Ueda
Tokushima University, Tokushima, Japan

A. Nanasawa
DENKI KAGAKU KOGYO KABUSHIKI KAISHA, Niigata, Japan

M. Tsukagoshi
Tokushima University, Tokushima, Japan

ABSTRACT: Chloride attack and ASR are serious deterioration mechanisms of concrete structures 
respectively. Moreover, in the cases of marine environment and cold climate area, complex deterioration 
of these mechanisms can be observed because of the supply of sea water or de-icing salt. In this study, 
as a remedial measure against such a complex deterioration, electrochemical penetration of lithium from 
the electrolyte solution was investigated. It was clarified that electrolyte temperature greatly affected the 
extent of lithium penetration and the treatment at 40 °C remarkably accelerated lithium penetration into 
concrete compared with the case of 30 °C. Regarding the kind of lithium salt, LiNO3 solution was most 
effective among a number of different kinds of lithium salt in the viewpoints of Li+ penetration of into 
concrete and suppression of concrete expansion.

results of past research work, the penetration area 
of Li+ is limited around the concrete surface and 
it is difficult to make Li+ penetrate into the deeper 
part of concrete (Ueda et al. 2006).

In this study, experimental investigations were 
carried out aiming to grasp the influence of kinds 
of lithium salts and the temperature of the elec-
trolyte solution on migration properties of ions in 
concrete and ASR-induced expansion of concrete. 
Moreover, the protection effect against steel cor-
rosion and the chemical composition of reaction 
products in concrete were also investigated.

2 EXPERIMENTAL PROGRAM

2.1 Materials

Mixture proportions of  concrete adopted in this 
study were shown in Table 1. Water to cement 

1 INTRODUCTION

Chloride attack and ASR are serious deterioration 
mechanisms of concrete structures respectively 
(JSCE 2007). Moreover, in the cases of marine 
environment and cold climate area, complex dete-
rioration of these mechanisms can be observed 
because of the supply of sea water or de-icing 
salt (Habuchi et al. 2004). Complex deterioration 
mechanism due to both chloride attack and ASR 
has not been clarified yet but it would be greatly 
affected by the environmental temperature.

As a remedial measure against such a complex 
deterioration, this study tried an electrochemical 
penetration of lithium from electrolyte solution. 
It has been confirmed by many researchers that 
lithium salts have the effect of suppressing ASR-
 induced expansion of concrete (MacCoy & 
 Caldwell 1951). Supposing the application of the 
lithium salts as a repair additive for concrete struc-
tures deteriorated by ASR, sufficient amounts of 
Li+ must be driven into the ASR-affected concrete 
(Diamond & Ong 1992). Then, an electrochemical 
technique to accelerate the penetration of the lith-
ium ions (Li+) in a lithium-based electrolyte solution 
into concrete has been employed for the purpose 
of suppressing ASR-induced expansion due to Li+ 
(Whitemore & Abbott 2000). However, from the 

Table 1. Mixture proportions of concrete.

W/C
(%)

s/a
(%)

Content (kg/m3)

C W S1 S2 G1 G2 NaCl

55 48 338 186 250 591 261 641 15.1
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ratio (W/C) of  concrete was 55% for all mix-
ture proportions. This concrete is supposed to 
be damaged by the complex deterioration. Then 
it contained reactive aggregate and NaCl was 
added as the source of  alkali. In order to adjust 
the total alkali contents as R2O was 10.0 kg/m3 
for the acceleration of  deterioration, a corre-
sponding amount of  NaCl was dissolved in the 
mixing water.

Ordinary portland cement (density: 3.16 g/cm3, 
specific surface area: 3280 cm2/g, R2O: 0.56%) 
was used. As the fine aggregate, non-reactive fine 
aggregates (S1, density: 2.56 g/cm3) and reactive 
aggregate (S2, density: 2.60 g/cm3) were mixed at 
the pessimum weight ratio of 3:7. As the coarse 
aggregate, non-reactive aggregate (G1, density: 
2.55 g/cm3, Gmax: 15 mm) and reactive aggregate 
(G2, density: 2.68 g/cm3, Gmax: 15 mm) were mixed 
at the pessimum weight ratio of 3:7.

2.2 Preparation of specimens and 
electrochemical treatment

Specimens prepared in this study were 
100 × 100 × 300 mm reinforced concrete prisms 
with a steel bar ϕ13 SR235 (JIS number) at the 
center of the square section as shown in Figure 1. 
All specimens were cured in the wet 20 °C condi-
tion for 28 days. A part of specimens were con-
tinuously stored at the constant temperature of 20, 
30 or 40 °C in the moist condition for accelerating 
ASR for 350 days, followed by the electrochemical 
treatment.

For all specimens to be subjected to electro-
chemical treatment, brass chips were pasted to 
concrete surfaces after the curing for 28 days for 
the measurement of concrete expansion after the 
electrochemical treatment. Five concrete faces of 
each specimen were insulated with epoxy resin 
coating, leaving one exposed surface before the 
electrochemical treatment.

After the epoxy coating, each specimen was 
immersed into electrolyte liquid in a plastic con-
tainer, and direct electric current was supplied 
between rectangular shaped titanium mesh as the 
anode and the steel bar in concrete as the cathode. 
As the current density, 1.0 A/m2 to the exposed 
concrete area was adopted. Treated period was 

8 weeks. These conditions of the treatment were 
decided based on those of the conventional chlo-
ride removal method (Hondel & Polder 1992) 
(JSCE 2001). Kinds of electrolyte liquid and their 
temperature conditions are shown in Table 2. The 
standard temperature level of electrolyte liquid was 
30 °C to accelerate the lithium penetration except 
the case of 40 °C LiNO3 solution. Regarding the 
specimens stored at the constant temperature 
condition for 350 day, 40 °C LiNO3 solution was 
selected as the electrolyte liquid. These specimens 
were kept in the moist condition and the tempera-
ture was constantly 40 °C for the acceleration of 
ASR after the treatment.

2.3 Tests of specimens

After finishing the electrochemical treatment, the 
distribution profiles of ion content (Cl−, Na+, K+, 
Li+) in the concrete specimens were measured using 
powder samples grinded from the cut out seven 
concrete plates in a specimen, as shown in Figure 2. 
The Na+, K+ and Li+ contents were measured by 
means of atomic absorption spectrometry using a 

Figure 1. Outline of a RC specimen.

Table 2. List of electrolyte.

Kind of 
salt

Content 
of salt (%)

Content 
of Li (%)

Temperature 
(°C)

LiOH 10 3.0 30
Li2CO3 1.2 0.22 30
Li2SiO4 23 2.9 30
LiNO3 30 3.0 30

40
Ca(OH)2 0.2 0 30

Figure 2. Cutting way of a specimen for chemical 
analysis.
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crashed fine powder sample solved by HNO3 solu-
tion. Cl− content was measured according to JIS 
A 1154.

Specimens after the electrochemical treatment 
were kept in the moist and constant temperature 
at 40 ºC environment and the expansion rate of 
concrete was measured regularly by means of 
a contact gauge. At the same time to measure the 
concrete expansion, half-cell potential, polariza-
tion resistance of steel in specimens and resistivity 
of concrete were measured regularly. As a refer-
ence electrode for these electrochemical moni-
toring, saturated silver chloride (Ag/AgCl) was 
used. Polarization resistance was measured by 
the rectangular wave electric current polarization 
method, as the deference of impedances at 800 Hz 
and 0.1 Hz of electric current frequency.  Resistivity 
was obtained as the impedance at 800 Hz of elec-
tric current frequency.

3 RESULTS AND DISCUSSIONS

3.1 Migration of ions in concrete due 
to applying electrochemical treatment

The distributions of Cl− content in the speci-
mens just after completing treatment are shown 
in Figure 3. The steel bar is located at the center 
(50 mm from the exposed surface) of  each 
specimen. Although this technique is not for 
extracting Cl− from concrete, Cl− content around 
the steel bar is decreased by the electrochemical 
treatment compared with the non-treated case (N), 
because this technique is based on the same princi-
ple as that of  desalination. Since such a side effect 
is expectable, this technique could be an effective 
repair method for concrete structures deteriorated 
by the complex mechanism of chloride attack 
and ASR. There isn’t significant difference of the 

chloride removal effect among the some kinds of 
lithium salts but the rise in the electrolyte tempera-
ture from 30 °C to 40 °C improves the desalination 
effect in the case of  LiNO3.

The distributions of R2O content in concrete 
specimens immediately after completing treatment 
are shown in Figure 4. The amount of R2O was 
calculated by the following formula.

R O N O O kg2 2O Na 2
3= Na O2Na . (K O2 / )g mg 3

 (1)

According to this figure, in the case of the speci-
mens treated with the electrolyte at 20 °C, a great 
amount of R2O accumulates around the steel bar 
in concrete. It is considered that such an accumula-
tion of alkali is caused by the electrophoresis of 
cations (Na+, K+) contained in the concrete toward 
the steel bar as the cathode.

Like the case of  Cl− distribution, the rise in 
electrolyte temperature from 30 °C to 40 °C might 
accelerate the electrophoresis of  Na+ and K+. Then, 
it can be expected that the rise in temperature 
would result in a larger amount of R2O accumula-
tion around the steel bar. However, in Figure 4, the 
accumulated amount of R2O is reduced with the 
rise in the electrolyte temperature from 30 °C to 
40 °C. Such a moderation of the alkali accumula-
tion at the steel bar may be caused by the decrease 
of  the transference numbers of  Na+ and K+ in con-
crete with the migration of lithium-based electro-
lyte solution. The authors reported similar results 
in the past paper (Ueda et al. 2011). The reduction 
of the concentrated alkali at the steel bar would 
mean the reduction of the risk of ASR or ASR-
induced expansion of the concrete around the 
steel bar.

Distributions of Li+ content in the concrete 
immediately after treatment are shown in Figure 5. 
In this figure, Li+ content around the concrete 

Figure 3. Distributions of chloride content in concrete 
after treatment.

Figure 4. Distributions of R2O content in concrete 
after treatment.
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surface increases with the electrochemical treat-
ment. However, when the temperature of electro-
lyte is 30 °C, the penetration depth of lithium is 
about 25 mm regardless of the kinds of lithium 
salt. The authors already reported that it was dif-
ficult to drive a sufficient amount of Li+ into the 
concrete at the depth of the steel bar by the elec-
trochemical treatment with the LiOH electrolyte 
solution at room temperature (Ueda et al. 2006). 
On the other hand, Figure 5 shows that 40 °C 
electrolyte of LiNO3 increase the amount and the 
depth of lithium penetration compared with 
the case of 30 °C. The authors reported similar 
results from the experiment using Li2CO3 solu-
tion as the electrolyte (Ueda et al. 2011). Further 
investigation is necessary to clarify the adequate 
conditions of the electrochemical treatment con-
sidering the concrete expansion behavior after the 
treatment.

3.2 Concrete expansion after 
electrochemical treatment

Variation curves of concrete expansion rate with 
time, which were measured in the longitudinal 
and the vertical direction in each concrete speci-
men (refer to Fig. 1), are shown in Figure 6. Each 
curve is the average of measured data from three 
specimens treated under the same conditions. The 
horizontal axis of this figure expresses the total 
period after the end of curing. N is a non-treated 
case, whilst the others are treated cases with dif-
ferent kinds of electrolyte liquid. Non-treated 
specimens were moved to the condition for accel-
erating ASR (40 °C, 95% R.H.) immediately at the 
end of the curing period of 28 days and values of 
concrete expansion rate were measured regularly. 
Treated specimens were subjected to conditions 
for ASR acceleration after completion of elec-
trochemical treatment, at which time expansion 

measurements started. Original lengths were meas-
ured before treatment began.

In Figure 6, it can be seen that although non-
treated specimen shows relatively large expansion, 
all treated specimens show smaller expansion rates 
after treatment. Such a suppression of  concrete 
expansion would be achieved by a large amount 
of  Li+ contained in the concrete around the con-
crete’s surface, as shown in Figure 5. When the 
electrolyte temperature is 40 °C with LiNO3, con-
crete expansion after treatment is less than the 
other treated cases using electrolyte at 30 °C. It 
can be considered that high temperature treat-
ment increases the risk of  accelerating concrete 
expansion during treatment, but it also has the 
effect of  promoting lithium penetration that may 
serve to suppress concrete expansion after the 
treatment.

As can be seen in Figure 4, a large amount of 
alkali accumulated around the steel bar due to 
electrochemical treatment and such alkali could 
accelerate ASR-induced expansion of  concrete. 

Figure 5. Distributions of lithium content in concrete 
after treatment.

Figure 6. Variation curves of concrete expansion rate 
with time during the period of treatment and ASR 
acceleration.
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However, according to Figure 6, concrete expan-
sion rates are not promoted by the electrochemi-
cal treatment, compared with non-treated cases. 
It has been reported that excessive supply of  elec-
tricity, exceeding the pessimum value, does not 
accelerate ASR-induced expansion of  concrete 
(Page & Yu 1995). In this study, amount of  accu-
mulated alkali around the steel bar due to treat-
ment may exceed the pessimum value, and this 
may have resulted in relatively small ASR-induced 
expansion.

From Figure 6 (the lower one), expansion rates 
in the vertical direction are larger than those in the 
horizontal direction because concrete expansion in 
the vertical direction isn’t confined by the embed-
ded steel bar. However, even in this case, Li2CO3 and 
LiNO3 as the electrolyte show effective suppression 
of concrete expansion rate. From these results, the 
40 °C electrolyte of LiNO3 would be most effective 
to use for the electrochemical method against ASR 
damage of concrete.

3.3 Protection effect against steel corrosion

Variation curves of half-cell potential with time 
during the period of treatment and ASR accelera-
tion are shown in Figure 7. From this figure, the 
potential values of treated specimens indicate less 
than −1000 mV due to the influence of the cathodic 
polarization. However, the potential values of 
treated specimens gradually increase with the re-
passivation by the supply of oxygen after finishing 
electrochemical treatment. The half-cell potential 
of the specimen treated with LiNO3 electrolyte at 
40 °C, which was most effective to suppress ASR 
expansion, rises to the higher values than that of 
non-treated specimen. While, the other treated 

specimens don’t show enough rise of potential 
values because of the delay of re-passivation due 
to the moist environment storage for accelerating 
ASR.

Photos of  steel bars from specimens after 
the ASR acceleration for 300 days are shown in 
Figure 8. As the degree of  steel corrosion was 
generally slight, the weight loss wasn’t measured. 
In the case of  non-treated specimen, localized 
adhesion of  white products supposed ASR gel is 
observed while steel corrosion can be seen in the 
non-adhesion area. In this study, the amount of 
premixed Cl− was about 9 kg/m3 and the expan-
sion rate of  concrete was relatively large but in 
the past paper, authors reported that the progress 
of  steel corrosion can be suppressed due to the 
protection effect of  ASR gel in the ASR accel-
eration environment. Then, the situation of  steel 
corrosion is consistence with the result of  the 
past research (Ueda 2013). In the cases of  the 
treated specimens using LiNO3 electrolyte, there 
is no localized steel corrosion like the case of 
non-treated specimen and only slight rust can 
be seen hence the protection effect against steel 
corrosion is achieved due to applying electro-
chemical treatment. Since the treatment in 40 
°C results in the whole adhesion of  white prod-
ucts while 30 °C treatment results in very limited 
white area, the temperature of  the electrolyte may 
affect the property and distribution of  the reac-
tion products.

3.4 Observation and composition analysis of 
white products deposited inside of specimens

Photos of inside situation around the steel bar of 
splitted specimens (non-treated and treated using 

Figure 7. Variation curves of half-cell potential with time 
during the period of treatment and ASR acceleration.

Figure 8. Photos of steel bars from specimens after the 
ASR acceleration for 300 days.
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LiNO3 electrolyte) after the ASR acceleration 
for 300 days are shown in Figure 9. In the case 
of non-treated specimen, the whole of concrete 
around the steel bar colored whitish while in the 
cases of treated specimens, there are many dots 
of white products filling small voids of concrete 
around the steel bar.

Moreover, concrete around the steel bar in 
the treated specimens colored dark which may 
be caused by the accumulation of alkali due to the 
electrochemical migration of ions.

SEM photos of  white products observed inside 
of  specimens (the red-line-circled parts in Fig. 9) 
are shown in Figure 10 and the results of  composi-
tion analysis of  the products are shown in Table 3. 
From Figure 10, in the case of  non-treated speci-
men, the photo shows the typical ASR gel while 
in the treated cases, the aggregations of  particles 
in the size of  1–3 μm are observed.  Furthermore, 
the rise in temperature from 30 °C to 40 °C 
causes the smaller size of  particles. Table 3 shows 
that the electrochemical treatment increases SiO2 
composition and decreases CaO composition, 
which may mean the reduction of  rigidity of  ASR 

gel. Moreover, in the case of  40 °C treatment, 
Li2O is detected over 10% hence the gel contain-
ing Li+ which will have the property of  low expan-
sion with water absorption is produced around 
the steel bar.

Figure 9. Photos of inside situation of specimens after 
the ASR acceleration for 300 days.

Figure 10. SEM photos of white products observed 
inside of specimens.
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3.5 Repair effect of electrochemical treatment 
applied to deteriorated concrete

Variation curves of concrete expansion rate and 
half-cell potential of steel with time during the 
storage at the constant temperature for 350 days 
followed by the treatment and ASR acceleration 
are shown in Figure 11 and Figure 12 respectively.

From Figure 11, it can be seen that the storage 
at the higher temperature results in earlier and 
larger concrete expansion rate since the tempera-
ture around 40 °C strongly accelerates ASR. From 
Figure 12, all curves of half-cell potential show the 
high possibility of steel corrosion during the stor-
age period at the constant temperature due to the 
heavy amount of pre-mixed chlorides.

Regarding the concrete expansion after the 
electrochemical treatment, Figure 11 shows that 
the treatment doesn’t promote the concrete expan-
sion rate due to ASR acceleration storage after 
the treatment regardless of the difference of the 
concrete expansion rate before the treatment. 
On the other hand, regarding steel corrosion, 
Figure12 shows that half-cell potential values indi-
cate less than −1000 mV due to the strong cathodic 
polarization as shown in Figure 7. Moreover, the 
potential values of treated specimens gradually 

increase with the re-passivation after the electro-
chemical treatment during the storage in the condi-
tion for ASR acceleration, so the protection effect 
against steel corrosion can be expected.

4 CONCLUSIONS

This study conducted experimental investigations 
to grasp the complex deterioration mechanism 
due to chloride attack and ASR, and to confirm 
the effect of the electrochemical remedial measure 
against it. The results obtained from this study can 
be summarized as follows.

1. The rise in temperature of electrolyte solution 
from 30 °C to 40 °C remarkably accelerated 
the migration of Cl− and Li+ in concrete due to 
applying electrochemical treatment. Regarding 
the kind of lithium salt, LiNO3 solution was 
most effective among some kinds of lithium salt 
contained in electrolyte solution from the view-
point of lithium penetration.

2. The rise in temperature of electrolyte solution 
from 30 °C to 40 °C didn’t promoted the accu-
mulation of Na+ and K+ around the steel bar in 
concrete.

3. Regardless of conditions of electrochemical 
treatment, concrete expansion rate after treat-
ment was suppressed when compared with that 
of the non-treated cases. It was evident that the 
40 °C electrolyte of LiNO3 would be more effec-
tive than other electrolytes used in this study to 
suppress the ASR expansion of concrete.

4. The protection effect against steel corrosion 
due to applying the electrochemical treatment 

Table 3. Results of composition analysis of white 
products.

Name

Composition (%)

SiO2 Na2O K2O CaO Li2O

Non-treated 69.1 8.2 0.8 21.9 <0.1
LiNO3 (30 °C) 86.0 8.8 0.4  5.0 <0.1
LiNO3 (40 °C) 74.8 4.9 0.4  7.6 12.3

Figure 11. Variation curves of concrete expansion rate 
with time during the storage at the constant temperature 
followed by the treatment and ASR acceleration.

Figure 12. Variation curves of half-cell potential with 
time during the storage at the constant temperature fol-
lowed by the treatment and ASR acceleration.
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was confirmed by the observation of steel in 
concrete.

5. White products observed around steel bar in the 
treated specimen by 40 °C electrolyte of LiNO3 
contained Li2O in the percentage of over 10%.

6. As a result of application of the electrichemi-
cal treatment after the complex deterioration of 
reinforced concrete, concrete expansion was not 
accelerated by the treatment regardless of the 
concrete expansion level before the treatment.
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Effect of surface-applied inhibitors on anticorrosion 
performance of steel bars in sea sand concrete
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ABSTRACT: Three surface-applied corrosion inhibitors (AMA, PCI-2010 and MFP) and two kinds 
of sea sand are used for making three water binder ratios (0.35, 0.45 and 0.55) concrete. Influences of sea 
sand upon the concrete strength are studied. Anticorrosion effects of corrosion inhibitors are studied in 
sea sand concrete by electrochemical analysis (LPR and EIS). Corrosion characteristics of steel bar surface 
are observed by broken test. The results show that using sea sand in concrete without any inhibitor has 
little or no adverse effect on 3 days and 28 days compressive strength of concrete, adding 2 wt% NaNO2 
in cementing material has a negative effect on the compressive strength of sea sand concrete. Compared to 
the anticorrosion effect of adding NaNO2 in sea sand concrete, surface-applying PCI-2010 shows a similar 
effect. Followed by AMA, the anticorrosion efficiency is general. The anticorrosion of MFP in sea sand 
concrete is the worst of three inhibitors. Inhibiting efficiencies of three corrosion inhibitors are increase 
with the water binder ratio and the age of sea sand concrete. In the situation of concrete with high content 
of chloride ion in sea sand, using corrosion inhibitors have better anticorrosion performance.

the Netherlands, Denmark and Belgium are 49.2%, 
59.9% and 93.8%. In Asia, since the early Meiji, 
sea sand was used in Japan’s construction industry. 
According to a survey of Hiroshi Yamazaki [4], 38% 
investigated concrete batching plants in the coastal 
areas in Japan use sea sand in concrete which mixed 
with sodium nitrite as corrosion inhibitor. In South 
Korea plenty of sea sands have been used in con-
crete structures since 1993 and more than 70% sand 
in construction are sea sands [5].

To improve the durability of sea sand concrete, 
a traditional simple method is adding inorganic 
corrosion inhibitors such as nitrite in fresh con-
cretes for the past decades [6–7]. But the nitrite is 
harmful to human’s health and the properties of 
fresh and hardened concrete. Recently surface-ap-
plied corrosion inhibitor is used to delay corrosion 
of steel bars in concrete and prolong the service 
life of concrete structures [8–12]. However, very 
few investigations have reported the anticorrosion 
efficiency of surface-applied inhibitors on sea sand 
concrete. In this paper, anticorrosion effects of 
three surface-applied inhibitors on sea sand con-
crete are studied.

2 EXPERIMENTAL WORK

2.1 Materials

Table 1 presents the main technical parameters of the 
42.5R ordinary Portland cement. Main  parameters 

1 INTRODUCTION

Due to massive growth of infrastructure construc-
tion, quantity demand of concrete and aggregate 
is increasing rapidly. River sand has been the most 
widely-used fine aggregate in concrete. But over-
exploitation of river sand has led to some harmful 
environmental problems such as raising the level of 
the riverbed, lowering of the water table. As a result, 
the limited recourse and high prices of river sand 
hampers the development of construction in China.

Ascribed to convenience in mining and trans-
portation, mature technology and lower costs [1], 
sea sand has great application potential in concrete 
construction. Especially the offshore sand is rich in 
estuaries of coastal areas. But the sea sand contains 
chloride ions that may cause steel bars corrosion 
and accelerate degradation of concrete structures. 
For preventing the steel bars in concrete from cor-
rosion, desalinating the chloride ions in sea sand is 
the key problem.

In Europe, marine aggregates play a critical role 
in construction of coastal states, such as UK, Ger-
many, the Netherlands, Denmark and Belgium. 
According to annual reports [2] of aggregates from 
2002 to 2006, highest usage of sea sand in the 
Netherlands per year is 29.07 million m3, usage in 
UK, Germany, Denmark and Belgium are 13.13, 
7.57, 7.01 and 1.63 million m3. In the UK more 
than 60% of the marine aggregates are used in the 
construction industry [3], and the proportions in 
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Table 1. Main technical parameters of cement.

Parameters

Density (g/cm3) 3
Fineness (%) 1.1
Normal consistency (%) 27.6
Initial setting time (min) 185
Final setting time (min) 260
Bending strength (MPa) 4.9 (3d)

8.5 (28d)
Compressive strength (MPa) 25.5 (3d)

48.6 (28d)

Table 2. Main parameters of offshore sand.

Parameters

Apparent density (kg/m3) 2650
Tight density (kg/m3) 1590
Bulk density (kg/m3) 1460
Modulus of fineness (mm) 2.7
Content of silt content (%) 2.3
Content of clay lump (%) 0.8
Content of chloride ion (%) 0.004

Table 3. Inhibition efficiency (%) values of steel bar in 
offshore sand concrete.

Time (d) NaNO2 PCI-2010 AMA MFP

 30 44.8 21.6 27.8 10.7
 60 98.0 95.0 96.3 –
120 95.4 98.2 97.6 98.3
240 96.7 97.8 86.6 –

Table 4. Inhibition efficiency values of steel bar in arti-
ficial sea sand concrete.

Time (d) NaNO2 PCI-2010 AMA MFP

 30 49.0 41.5 96.0 66.9
 60 99.7 97.3 96.6 96.0
120 98.7 98.0 21.6 96.0
240 96.7 97.6 86.8 96.9

Figure 1. Sketch diagram of concrete specimen.

of offshore sand are given in Table 2. Moreover, 
artificial sea sands are made up of offshore sands 
which fully immersed in sea water for 48 h and then 
dried at 100 ± 5°C. So, the only difference between 
two kind sea sands is the content of chloride ion. 
 Offshore sand contains 0.004% chloride ion by 
weight, while artificial sea sand contains 0.12%.

Carbon steel bars of 12 mm in diameter, 70 mm 
in length are used as work electrodes in the tests, 
and the chemical composition of steel bar is 0.19% 
C, 0.02% Si, 0.37% Mn, 0.011% P, and 0.019% S. 
Both ends of the steel electrodes are masked with 
epoxy. Thin stainless steel sheets of thickness 
5 mm and length 70 mm are used as the counter 
electrodes in the tests.

Three kinds surface-applied corrosion inhibitors 
used in the tests are as follows: an alcohol amine 
inhibitor (AMA), an amino carboxylic acid (PCI-
2010) and water solution of monofluorophosphate 
(MFP). Sodium nitrite is used as Darex Corrosion 
Inhibitor (DCI) mixed in fresh concrete for a con-
trast of anticorrosion effect.

2.2 Specimens and mixing

Two steel electrodes and one thin stainless sheet are 
placed in the cubical concrete square specimen (size 
100 mm × 100 mm × 100 mm). Concrete mix design 
compositions are given in Table 3 and Table 4.

The specimens are maintained in curing room 
under the standard curing condition (relative 

humidity is 95%, temperature is 20°C). Corrosion 
inhibitors are painting on one face of concrete 
specimens at the age of 3 days. The sketch dia-
gram of concrete specimen is shown in Figure 1. 
The amount of migrating corrosion inhibitors is 
200 g/m2, in other word, 2 g per face. After the 
painting faces drying, specimens are still curing 
until the 28 days.

2.3 Experimental techniques

An electrochemical work station (PARSTAT 2273) 
is used for electrochemical analysis. The Linear 
Polarization Resistance (LPR) is used for evaluat-
ing the corrosion rate of steel bar in concrete. The 
corrosion current density (Icorr) quantifies corro-
sion behavior of work electrode [13–15]. An Icorr 
value of less than 0.1 μA/cm2 indicates negligible 
corrosion of steel bar in concrete, while a value 
greater than 0.3 μA/cm2 indicates active corrosion 
[16]. Thus, as to the steel bar in sea sand concrete, 
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an Icorr value of 0.3 μA/cm2 is considered as the 
threshold criterion for corrosion initiation.

Electrochemical Impedance Spectroscopy (EIS) 
tests are performed on all specimens treated with 
inhibitors in approximately 240 days of exposure 
to the conventional environment. The IE% (inhib-
iting efficiency) is calculated by using the following 
formula:

IE R R RpRinh
p pR Rinh% ( ) / %R( ×100

Rp and Rp
inh are the polarization resistances of 

steel bar with and without corrosion inhibitors, 
respectively.

The broken test is used to observe the corrosion 
characteristics on steel bar’s surface in concrete. 
Specimens with water binder ratio of 0.55 are 
crushed in this test.

3 RESULTS AND DISCUSSION

3.1 Compressive strength

Figure 2 depicts the average compressive strength 
of the control concrete specimens (river sand con-
crete specimens) and those containing sea sand or 
NaNO2 with different water binder ratios. The val-
ues of compressive strength are determined after 
3 days and 28 days of standard curing.

When water to binder ratio is lower, the 3 and 
28 days compressive strength of concrete speci-
mens containing offshore sand or artificial sea 
sand is greater than that of control specimens, 
while the compressive strength of the sea sand con-
crete specimens mixing sodium nitrate is less than 
that of sea sand concrete specimens. The com-
pressive strength of sea sand concrete specimens 

 incorporating sodium nitrate decreased with the 
increase of water to binder ratio. In summary, the 
sea sand used in this study did not adversely affect 
the compressive strength of concrete.

3.2 Steel bar corrosion in sea sand concrete

3.2.1 Effect of water binder ratio 
on steel corrosion

Figure 3 and 4 describe the change of the Rp and 
Icorr of  steel bars in two kinds of sea sand concrete 
without the use of corrosion inhibitors. From the 
graphs it can be seen that steel bars have been cor-
roded in sea sand concrete of three water binder 
ratios. The corrosion of steel bar is much serious 
in high water binder ratio concrete than in lower 
water binder ratios.

3.2.2 Effect of concrete age on steel corrosion
Moreover, Figure 3 and 4 represent that the Icorr of  
steel bar in sea sand concrete is increased with the 
increase of concrete age. Therefore, corrosion of 
steel bar in sea sand concrete is the accumulation 

Figure 2. Compressive strength of concrete specimens 
at 3 days and 28 days with three water-binder ratios.

Figure 3. Rp and Icorr for offshore sand concrete without 
corrosion inhibitor at different age.

Figure 4. Rp and Icorr for artificial sea sand concrete 
without corrosion inhibitor at different age.
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of time. This can explain that low content of Chlo-
ride ion in sand of concrete could also cause the 
corrosion of steel bar; sea sand concrete cannot be 
used in architectural engineering without any pro-
tection technique of steel bar corrosion.

3.2.3 Effect of corrosion inhibitors 
on steel corrosion

According to the above analysis, it is clearly that 
using specific technique for protecting steel bar 
from corrosion in sea sand concrete is necessary. In 
this paper, some corrosion inhibitors are used for 
this purpose. Figure 5 and Figure 7 are represent-
ing the Rp and Icorr of  steel bar in two kinds of sea 
sand concrete with corrosion inhibitors at different 
age, the concrete water binder ratio is 0.55. And 
Figure 6 and Figure 8 are indicating the Rp and 
Icorr of  steel bar in two kinds of sea sand concrete 
with corrosion inhibitors at different water binder 
ratios.

The results anticorrosion performance of AMA 
an alcohol amine organic inhibitor and MFP a 
cathodic inhibitor are as describes bellow. From 
the Figure 5, it can be seen that surface—applied 
AMA to offshore sand concrete can reduce Icorr 
of  steel bar to 0.3 μA/cm2 in short time, such 
as 120 days; but cannot prevent steel bar from 

 corrosion at longer time. Surface—applied MFP 
to offshore sand concrete cannot decline Icorr of  
steel bar continuously and effectively. And accord-
ing to Figure 7, surface-applied AMA to artificial 
sea sand concrete cannot bring the Icorr down over 
0.3 μA/cm2. Surface—applied MFP to the artifi-
cial sea sand concrete has an efficient anticorro-
sion property.

The Rp and Icorr of steel bar in sea sand concrete 
specimens adding 2% wt sodium nitrite are as refer-
ence values in tests. As Figure 5 and Figure 7 show-
ing, at every time node, values of Icorr of steel bar 
in sea sand concrete surface-applying PCI-2010 are 
around 0.3 μA/cm2, and numerical fluctuate within 
20%. The Icorr can reduce to 0.3 μA/cm2 at 240 days 
tests. Therefore, surface-applied PCI-2010 to two 
kinds of sea sand concrete has the similar anticor-
rosion performance with the control groups.

As to the relevance between steel bar corrosion 
and water binder ratios, Figure 6 and Figure 8 can 
explain it.

Figure 6 describes values of Icorr of  steel bar 
in offshore sand concrete surface-applying PCI-
2010 increase with the increase of water binder 
ratios of concrete, and the values of Icorr are all 
below 0.3 μA/cm2 at the age of 240 days. The val-
ues of Icorr of  steel bar in offshore sand concrete 

Figure 5. Rp and Icorr of  steel bars in OS concrete speci-
mens at different age and W/B = 0.55.

Figure 6. Rp and Icorr of  steel bars in offshore sand 
concrete in different water binder ratios, at the age of 
240 days.

Figure 7. Rp and Icorr of  steel bars in ASS concrete speci-
mens at different age and W/B = 0.55.

Figure 8. Rp and Icorr of  steel bars in artificial sea sand 
concrete in different water binder ratios, at the age of 
240 days.
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decrease with the increase of water binder ratio. 
The Icorr of  steel bar in offshore sand concrete 
surface-applying AMA or MFP and water binder 
ratios have no remarkable rule. From Figure 8, 
it can be seen that water binder ratio has little 
unwanted effect on values of Icorr of  steel bar in 
artificial sea sand concrete surface-applying PCI-
2010 or MFP or control group; values of Icorr are 
all lower than 0.3 μA/cm2. But Icorr of  steel bar in 
artificial sea sand concrete surface-applying AMA 
increases with the increase of water binder ratio.

To compare the anticorrosion effect of four 
kinds of corrosion inhibitors, Table 4 and 

Table 5. Mix design composition (a) (applied to 1 m3 
concrete).

No. W/B
Water/
kg

Cement/
kg

Stone/
kg

Fly ash/
kg

Slag/
kg

1# 0.35 190 393 70 80 960
2# 0.45 180 280 60 60 960
3# 0.55 170 219 40 50 960
4# 0.35 190 393 70 80 990
5# 0.35 190 393 70 80 990
6# 0.45 180 280 60 60 990
7# 0.45 180 280 60 60 990
8# 0.55 170 219 40 50 990
9# 0.55 170 219 40 50 990
10# 0.35 190 393 70 80 990
11# 0.35 190 393 70 80 990
12# 0.45 180 280 60 60 990
13# 0.45 180 280 60 60 990
14# 0.55 170 219 40 50 990
15# 0.55 170 219 40 50 990

Table 6. Mix design composition (b) (applied to 1 m3 
concrete).

No.
Super 
plastisizer/kg

RS/
kg

OS/
kg

ASS/
kg

NaNO2/
kg

1# 696 – – – 10.9
2# 832 – – –  8
3# 892 – – –  6.2
4# – 666 – – 10.9
5# – 666 – 10.9 10.9
6# – 802 – –  8
7# – 802 –  8  8
8# – 885 – –  6.2
9# – 885 –  6.2  6.2
10# – – 666 – 10.9
11# – – 666 10.9 10.9
12# – – 802 –  8
13# – – 802  8  8
14# – – 885 –  6.2
15# – – 885  6.2  6.2

Table 5  represent the values of inhibiting efficien-
cies of them. The order of IE of four inhibitors is 
as  follows: PCI-2010 > NaNO2 > AMA > MFP.

The results of LPR can illustrate that surface-
applying PCI-2010 is an efficient technique to 
restrain corrosion of steel bar in sea sand concrete 
at the age of 240 days. Although the anticorrosion 
effect of PCI-2010 is decreases with the increase of 
water binder ratio of concrete, but isn’t related to 
the content of chloride ion in sea sand.

For more detailed studies of the anticorrosion 
effect of inhibitors in long time, the results of EIS 
can do it. Figure 9 and Figure 10 are showing the 
Nyquist and Bode curves of steel bar in two kinds 
of sea sand concrete with or without inhibitors 
at the age of 240 days. As can be seen from the 
 Figure 9 and Figure 10, values of the charge trans-
fer resistance (Rct) of steel bar in sea sand concrete 
without inhibitors is a very small, indicating steel 
bars are corroded seriously; in sea sand concrete 
with inhibitors, the pore resistance (Rp) of sea sand 
concrete and Rct of  steel bar increase obviously.

Firstly, comparing four inhibitors, surface-
 applying PCI-2010 to sea sand concrete has the 
highest Rp and the steel bar in it has the highest Rct. 

Figure 9. EIS plots for the steel in OS concrete 
(W/B = 0.55) with different inhibitors on 240th day.
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Secondly, values of Rct of  steel bar in two kinds of 
sea sand concrete surface-applying PCI-2010 are 
very close, in other word, the anticorrosion effect 
of PCI-2010 on steel bar doesn’t change with the 
content of Chloride ion in sea sand. And surface-
applying AMA to sea sand concrete has the similar 
performance with PCI-2010. Thirdly, for inorganic 
inhibitors, the content of Chloride ion in sea sand 
has great influence on the change of Rct of  steel 
bar. Compared with the Rct of  steel bar in sea sand 
concrete without inhibitors, Rct of  steel bar in arti-
ficial sea sand concrete surface-applying MFP is 
twice than that in offshore sand concrete; Rct of  
steel bar in artificial sea sand concrete adding 2% 
wt sodium nitrite is half  of that in offshore sand 
concrete.

The results of EIS can again prove that the 
anticorrosion effect of PCI-2010 for steel bar in 
sea sand concrete is independent of the content of 
Chloride ion in sea sand.

To get more intuitive conclusions, Figure 11 and 
Figure 12 represent the surface corrosion charac-
teristics of steel bar in two kinds of sea sand con-
crete at the age of 240 days, the water binder ratio 
is 0.55. From Figure 11 and Figure 12, it can be 

seen that steel electrodes in sea sand concrete with-
out inhibitors or surface-applying AMA are rust-
ing obviously. Steel electrodes in sea sand concrete 
surface-applying MFP are lacking luster which 
means large area of passive film on steel electrodes 
have been damaged. Furthermore, steel electrodes 
in sea sand concrete surface-applying PCI-2010 
or adding 2% wt sodium nitrite are smooth and 
bright, don’t have obvious rusty spots.

The results of broken test can also explain that 
surface-applying PCI-2010 can effectively delay the 
corrosion of steel bar in sea sand concrete.

3.3 Penetrative anticorrosive mechanism of MCI

The anticorrosion mechanism of surface-applying 
MCI can be concluded as follows: migrating cor-
rosion inhibitors molecules through the concrete 
capillary pores penetrating the concrete cover to 
the surrounding of steel bar. By physical sorption 
or chemical combination on the surface of steel 
bar, MCI molecules can interrupt the cathodic and 
anodic reaction of electrochemical corrosion, there-
fore inhibiting the electrochemical corrosion of the 
steel bar [17]. Moreover, PCI-2010  molecules can 

Figure 11. Surface features of steel bars in OS specimens.

Figure 12. Surface features of the steel bars in ASS 
specimens.

Figure 10. EIS plots for the steel in ASS concrete with 
different inhibitors on 240th days.
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react with the cement hydration products, the reac-
tion products are filled in the pores of the concrete, 
so hampering water and oxygen and Chloride ion 
from entering concrete [18]. Thus, surface-apply-
ing PCI-2010 to sea sand concrete has a superior 
anticorrosion effect on steel bar.

4 CONCLUSIONS

Using offshore sand or artificial sea sand in con-
crete has little effect on the compressive strength 
of concrete at the age of 7 days or 28 days. The 
order of IE for inhibitors in this paper is as fol-
lows: PCI-2010 > NaNO2 > AMA > MFP. Surface-
applying PCI-2010 to sea sand concrete has been 
found to be effective in inhibiting steel corrosion 
at the age of 240 days. Additionally, the anticor-
rosion effect of PCI-2010 in sea sand concrete is 
stable, the chloride ion content in sea sand have lit-
tle effect on the anticorrosion effect. However, the 
anticorrosion effect of sodium nitrite in sea sand 
concrete is decrease with the increase of Chloride 
ion content in sea sand. As a result, at least sur-
face-applying PCI-2010 to offshore sand concrete 
is a workable method to protect steel from corro-
sion in 240 days.
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Durability design of concrete mixtures for sewer pipe applications: 
A review of the Life Factor Method
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University of Cape Town, South Africa

ABSTRACT: This paper reviews certain equations that are used for calculating key parameters 
 influencing microbially-induced concrete corrosion in sewers. The equations form the basis of the  so-called 
Life  Factor Method (LFM) that is widely used by practising engineers for corrosion  prediction in  Portland 
cement based concrete sewers that flow partly full. Under certain conditions hydrogen  sulphide (H2S) is 
generated in stale sewage and is readily released into the sewer headspace where it is biologically converted 
to sulphuric acid on the moist pipe walls. This acid attacks the concrete matrix. Thus, the key  parameters in 
this method are the rate of H2S oxidation on the sewer walls and the alkalinity of the concrete.  Therefore, 
if  the LFM is to be used to predict corrosion of concrete sewers with different binder systems, additional 
factors such as material factors must be introduced to cater for additional rate-controlling parameters that 
are not currently covered by the LFM.

2 LIFE FACTOR METHOD

The rate of corrosion of a concrete sewer can be 
calculated from the rate of production of H2SO4 on 
the pipe wall, which in turn is dependent upon two 
factors; sulphide generation within the sewage, and 
the rate at which H2S is released into the headspace 
from the surface of the sewage stream (Boon & 
Pomeroy 1990). The LFM consists of a series of 
equations that considers these different factors.

2.1 Sulphide generation within the sewage

Sulphide generation generally occurs at  sewage 
temperatures above 15°C (US EPA 1974). 
Pomeroy & Parkhurst (1977) assumed that the 
concentration of nutrients supporting Sulphate-
Reducing Bacteria (SRB) (responsible for genera-
tion of  sulphide) that thrive in the slime layer of 
the sewage is proportional to the Biological Oxy-
gen Demand (BOD) of most municipal wastewa-
ter. BOD is dependent on sewage temperature. The 
quantity of available nutrients that provide energy 
to the SRB is  measured by the 5-day BOD (BOD5) 
(McLaren 1984). However, since for design pur-
poses a  seasonal or annual effect is required, sul-
phide generation is determined from the effective 
(EBOD) as shown in Equation 1 (US EPA 1985).

[EBOD] = [BOD5] × 1.07(T – 20) (1)

1 INTRODUCTION

In the durability design of concrete outfall sewers 
which flow partly full, the alkalinity of the concrete 
matrix is one of the significant considerations used 
to predict the system’s service life. The other con-
sideration is sulphide generation forecasting within 
the sewer as emphasised in earlier publications (US 
EPA 1977). Sulphide forecasting is based on flow-
slope relationships under prevailing climatic condi-
tions, which are used to design sewer lines that will 
produce minimal sulphide. Sulphide exists in the 
stale sewage as sulphide ions (S2−), hydrogen sul-
phide ions (HS−), and hydrogen sulphide  molecules 
(H2S) both in aqueous and gaseous states, depending 
primarily on pH. At pH less than 7, H2S predomi-
nates in aqueous solutions, and is readily released 
into the sewer headspace especially under turbulent 
flow conditions in partly filled sewers (Alexan-
der & Fourie 2011). The aggressive H2SO4 (which 
attacks the concrete matrix) on the non- submerged 
sewer walls is biologically generated from this avail-
able H2S. It therefore follows that durability design 
in sewer networks is based on interrelationships 
between climatic conditions, sewer hydraulics and 
the properties of the sewer pipe material that is 
exposed to H2S. This interrelationship is expressed 
in certain sewer design methods such as ExtCorr, 
WATS, and LFM, but LFM remains the most com-
mon one in use by design engineers in predicting 
the corrosion rate (Kley & Caradot 2013).
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where [EBOD] = effective [BOD5] (mg/l); [BOD5] = 
composite average BOD5 (mg/l); T = wastewater 
temperature (°C).

For sewers flowing partly full, there is an air-
 water interface and the sewage entrains air, whereas 
generated H2S (in gaseous form) escapes via this 
interface. This means that the sulphide accumu-
lation in the sewage is slower than it would be in 
an equivalent system with the pipe flowing full. 
Assuming there is little or no Dissolved Oxygen 
[DO] in the sewage, SRB would reduce the sulphate 
in the sewage to sulphide [S], and [S] generation can 
be determined from Equation 2 (US EPA 1985).

d S
dt

M EBOD
R

m S
dm

[ ]S [ ]S ( )sV .
= ⎛
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⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−′
0 375

 (2)

where d[S]/dt = rate of change of total sulphide 
(mg/l/); [S] = total sulphide concentration (mg/l); 
M′ = effective sulphide flux coefficient for H2S gen-
erated in the slime layer when there is open channel 
flow in a gravity system (m/hr); EBOD = effective 
BOD5 (mg/l); R = hydraulic radius of flow area 
(m); m = sulphide loss coefficient due to oxida-
tion and escape into headspace; s = slope of energy 
grade line (m/m); V = mean flow velocity (m/s); 
dm = mean hydraulic depth (m).

There will be a theoretical upper limit to the sul-
phide concentration in the sewage when the losses 
equal the [S] generation and this will occur when 
(Equation 3):
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W
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′ −0 375  (3)

where [S]lim = upper limit for H2S generation in an 
open channel gravity system (mg/l); P = wetted 
perimeter (m); W = flow width (m).

The limiting value of  [S], [S]lim, is approached 
asymptotically in a sewer flowing partly full 
under gravity and will not be reached under 
these conditions. However, when a sewer  flowing 
partly full under gravity receives discharge from 
a closed system, the [S] concentration may 
exceed the  limiting value and H2S will be stripped 
 rapidly from the sewage to re-establish equilib-
rium between gas concentrations in the sewer 
headspace and sewage. The downstream sulphide 
concentration is calculated from Equation 4 (US 
EPA 1985).
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where S2 = downstream sulphide concentration 
(mg/l); S1 = upstream sulphide concentration (mg/l); 
Δt = flow time in a given reach of sewer (hr).

Due to biological activities in the sewage, 
 several sulphur compounds are formed but it is 
the gaseous H2S that can escape causing odour 
and corrosion problems. Therefore, for corrosion-
related analysis, it is necessary to determine the 
proportion of  [S] formed that is dissolved, and the 
proportion of  this Dissolved Sulphide [DS] that 
is H2S. The proportion of  [S] that is [DS] is vari-
able and dependent upon sewage pH and its met-
als content. The proportion of  [DS] that is H2S is 
directly related to the pH of  the sewage (Bealey 
et al. 1982).

As discussed above, the rate of sulphide produc-
tion is influenced by several factors. It increases 
with increase in temperature and also depends on 
the concentrations of both the organic nutrients 
and sulphate. The rate of sulphide production 
can be limited by a scarcity of either sulphate or 
organic nutrients, and since both are consumed in 
the biological reactions that produce H2S, they are 
required in a certain ratio (Boon & Pomeroy 1990). 
If  there is an excess of organic nutrients, then the 
rate is limited by the amount of sulphate and if  
there is an excess of sulphate, it is limited by the 
amount of organic nutrients.

Equations 1 to 4 express the rate of sulphide 
build-up as a function of the various factors that 
influence generation by the slime layer and the 
losses by oxidation and escape to the air. As they 
stand, these equations are limited due to the diffi-
culty in securing relatively accurate input informa-
tion (Hvitved-Jacobsen et al. 2013). For example, 
absorption of oxygen at the surface of the sewage 
stream can be predicted if  the slope, pipe size and 
flow quantity are known, but extra oxygen will 
be added at junctions, drops, and other points of 
turbulence. It is also difficult to predict the rate at 
which oxygen will be consumed.

Boon & Pomeroy (1990) stated that the prac-
tical approach to the difficulty in H2S predic-
tion is to consider cases in which unpredictable 
factors are considered favourable for sulphide 
build-up. That is, it will be assumed that suffi-
cient sulphate is present so that it is not limiting, 
that oxygen concentration is low, that no nitrate 
is present, and that there is no toxic condition or 
other factor that inhibits the action of  the slime 
layer. These assumptions vary in-situ even within 
a section of  the same sewer, and their applica-
tions to different sewer environments could result 
in unreliable outcomes. However, under typical 
sewer conditions, indicative dissolved sulphide 
concentrations can be determined from these 
equations for use in estimating H2S flux from the 
sewage surface.
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2.2 Hydrogen sulphide release

When there is no equilibrium between the concen-
trations of gaseous H2S in the sewage and the sewer 
headspace, interface movement of this gas occurs. 
Since H2S concentration is invariably lower in the 
sewer headspace than in the sewage, its release is 
usually from the sewage to the sewer headspace.

Under typical sewer conditions, once [DS] in the 
sewage has been determined using Equations 1 to 
4, the rate of H2S release can be calculated from 
Equation 5.

ϕsf sV DS= 0 0 375. (69 ) [J0 375 ]  (5)

where ϕsf = H2S flux from the sewage surface 
(g/m2/h); s = hydraulic gradient (m/m); V = stream 
velocity (m/s); J = proportion of dissolved sul-
phides in sewage present as H2S; DS = dissolved 
sulphides in sewage (m/l).

Assuming that all H2S escaping to the sewer 
headspace is oxidised on the pipe wall, the average 
H2S flux can be obtained by multiplying ϕsf by the 
ratio of sewage surface width, W, to exposed wall 
perimeter, P’, to give Equation 6.
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where ϕsw = average H2S flux from the sewage sur-
face (g/m2/h).

However, apart from the flow velocity, the rate 
at which H2S is released from the sewage is also 
influenced by local turbulence and whether the 
flow is sub- or super-critical (Goyns 2013). This 
 equation, therefore, is also limited due to the 
absence of additional parameters that contribute 
to H2S release from the sewage.

2.3 Corrosion rate

H2SO4 that is generated on the moist sewer  surfaces 
may react with the alkaline (acid soluble) constitu-
ents, specifically the calcareous fractions, in the 
concrete as shown in Equation 7.

H SO C CO H O CO CaSO2 4SO 3 2H 2 4CaSO+ CaCO CO  (7)

If the formation rate of the H2SO4 is ‘low’, 
a major part of it will react with the acid soluble 
components such as any PC-based binder matrix. 
On the other hand, if  the formation rate of the 
H2SO4 is relatively ‘high’, part of it will trickle down 
the sewer walls before reaction. This ‘excess’ acid 
will reach the sewage and may react with the alka-
line components therein to form sulphate ions. The 
liquid film on the sewer walls around the sewage 

daily flow level may contain these ions that could, 
through association, cause chemical sulphate attack 
on the concrete (Hvitved-Jacobsen et al. 2013).

Equation 7 shows that 1 mol of H2S (32 g H2S-S) 
resulting in the formation of H2SO4 has a potential 
for reaction with 1 mol (100 g CaCO3) of cement 
and/or calcareous aggregate in the concrete. Based 
on this mass balance, a quantitative method was 
developed for predicting the corrosion rate of con-
crete in relation to the alkalinity of the concrete 
material and the rate of H2S absorption in the 
moisture on the concrete surface. This is expressed 
empirically in Equation 8 (US EPA 1974).

r
Acorrrr sw=

100
32

⋅
φs  (8)

where rcorr = corrosion rate per unit area of the con-
crete surface (g/m2/h); φsw = rate of H2S absorption 
in the moisture at the concrete surface (g H2S-S/
m2/h); A = alkalinity of the concrete material in 
units of g CaCO3 per g concrete material.

If  the right-hand side of Equation 8 is divided 
by the density of concrete, estimated to be 
2.4 × 106 g/m3, the area-based corrosion rate can 
be expressed as an annual corrosion rate in units of 
depth per time as shown in Equation 9.

c
A
sw= 11 4. φs  (9)

where c = annual corrosion rate (mm/year).
In Equation 9, it is assumed that all H2SO4 

formed on the concrete wall will react with the acid 
soluble portion of the concrete matrix. However, 
this is not usually the case and an efficiency coeffi-
cient is necessary for acid reaction based on an esti-
mated fraction of acid remaining on the sewer wall. 
This can be expressed as shown in Equation 10.

c k
A
sw. φs  (10)

where k = efficiency factor < 1.
For systems where φsw is low, the value of 

k approaches 1, whereas for higher values of φsw, 
k may decrease to about 0.3 (US EPA 1985).

To ensure that a sewer remains serviceable after 
a certain period, Equation 10 can be used together 
with the design life in order to determine the 
required additional concrete cover to reinforcing 
steel as shown in Equation 11.

Az k Lsw= 11 4. φs  (11)

where z = cL = additional concrete cover required 
over reinforcing steel (mm); L = required design life 
of a sewer (years).
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The term ‘Az’ on the left-hand side of 
Equation 11, called the Life Factor, is used for 
comparing different concrete mixtures by alkalin-
ity. The term on the right-hand side describes the 
conditions within the sewer in terms of sewage 
properties and flow characteristics, sewer head-
space, and the required service life.

Studies undertaken in a ‘live’ sewer  environment 
in South Africa show that Equation 11 can be 
accurately used in PC based concretes with sili-
ceous aggregates. For other binder systems such 
as PC based concrete with calcareous aggregates 
or Calcium Aluminate Cement (CAC) based 
 concretes, Equation 11 has to be modified in order 
to realistically predict the rates of corrosion since 
CAC based systems performed up to 4 times bet-
ter than PC based systems due to additional rate-
 controlling parameters such as control of bacterial 
metabolism by toxicity (bacteriostatic effect) of the 
CAC (Goyns 2014).

2.4 Discussion

The LFM (Equation 10) is a sound basis for 
 prediction of PC based concrete corrosion and is 
widely used (Vollertsen et al. 2011). It assumes that 
the rate of corrosion, c, is proportional to the flux 
of H2S to the pipe wall. However, not all absorbed 
H2S reacts with the alkaline parts of concrete, 
accounted for by the concrete alkalinity, A, and 
efficiency factor, k. A material constant (11.4) is 
incorporated to account for process stoichiometry 
and concrete density.

The flux of H2S to the pipe wall depends 
on a range of conditions, the first being sul-
phide  formation under anaerobic conditions, 
part of which is precipitated by metal ions 
(Nielsen et al. 2005). Another part becomes 
 biologically or  chemically re-oxidised in the bulk 
water and  biofilms depending mainly on constitu-
ent  concentrations, catalysts and pH (Nielsen et al. 
2006; Kotronarou & Hoffmann 1991; Nielsen et al. 
2008). The H2S that is not oxidised is released to 
the sewer headspace where it is absorbed by moist 
pipe surfaces or lost in the system (Vollertsen et al. 
2011). The rate of release of H2S depends on the 
sewer hydraulics, pH, sewage constituents, and gas-
eous phase concentrations (Pomeroy & Parkhurst 
1977). The transfer of H2S to the moist pipe walls 
depends on the movement and turbulence in the 
gas phase as well as the surface conditions of the 
sewer pipe (Hvitved-Jacobsen 2002).

Recent attempts have been made to modify 
the LFM in order to account for the dynamics in 
the sewer environment. Kienow & Kienow (2004) 
reviewed this method and proposed two factors; a 
turbulence corrosion factor and a crown corrosion 
factor. These factors account for system specific 

corrosion rates induced by turbulence and system 
design.

Goyns (2014) reported that different binder sys-
tems such PC based concrete with either siliceous 
or calcareous aggregates, and CAC based concrete 
have varying rates of corrosion when subjected to 
microbially-induced H2SO4. The LFM accurately 
predicts this rate of corrosion in PC based concrete 
with siliceous aggregates.

Therefore, if  the LFM is to be used to predict 
corrosion of concrete sewers with different binder 
systems, additional factors such as material factors 
must be introduced to cater for additional rate-
controlling parameters that are not currently cov-
ered by the LFM.

2.5 Conclusions

From experience, the LFM, although largely deter-
ministic, is a sound basis for corrosion prediction 
in PC based concrete sewer systems. However, it 
is limited in applications due to a combination 
of the dynamic conditions in sewer environments 
and advancement in cementitious material proper-
ties. Improved understanding of the fundamentals 
associated with these areas provides opportunities 
for refining this method through development of 
performance based material factors—since ulti-
mately, it is the (concrete) sewer pipe material that 
is responsible for corrosion resistance or durability 
performance.
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Moisture exchange in concrete repair system captured 
by X-ray absorption
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ABSTRACT: One of the main reasons for premature failure of concrete repair systems are stresses due to 
differential shrinkage between the old (concrete or mortar substrate) and new (repair) material. These are 
primarily caused by moisture exchange between the repair system and environment or moisture transport 
within the repair system itself. However, during the setting and hardening of the repair material, moisture 
exchange will also determine the development of material properties in the repair material and interface 
between repair material and substrate. In this paper, moisture profiles are quantified using X-ray absorp-
tion technique. The output of X-ray attenuation measurement is a spatial distribution of linear attenuation 
coefficients expressed as grey scale values. First, preliminary studies are performed to determine the absorp-
tion rate of the mortar substrate. Cumulative water absorption and penetration depth of the water front are 
monitored as a function of time. Furthermore, absorption of the substrate when water is absorbed from 
the top is investigated. Main advantages and drawbacks of the method are presented and compared with 
results from the gravimetric test. Following, moisture exchange in the repair system is investigated. In one 
specimen, a primer was used. When curing is stopped, drying profiles in the repair system are quantified. 
Knowledge about the water exchange between the repair material and the concrete substrate, which takes 
place at the early stage, is only the first step towards more-justified decisions about substrate precondition-
ing and possible use of primers and curing compounds in experiments and field practice.

substrate. Only a few studies on the moisture 
exchange in a multilayer systems when fresh, newly 
cast material was placed on the matured substrate 
have been done (Brocken, Spiekman et al. 1998, 
Faure, Caré et al. 2005, Kazemi-Kamyab, Denarie 
et al. 2012). So far, only nuclear magnetic reso-
nance was used. Some preliminary studies on a lay-
ered “lego blocks” specimens made of freshly cast 
cement pastes were performed by X-ray absorption 
(Bentz and Hansen 2000). As both materials were 
freshly cast, these conditions did not directly imi-
tate repair system. In addition, studies so far only 
indicated the change of moisture content (i.e. by 
the change of the signal or measured spectra). Yet, 
moisture content was not quantified.

In this paper, a possibility of using X-ray 
absorption method for studying the moisture 
dynamics in a repair system was explored. First, 
the rate of moisture absorption of the mortar 
substrate was quantified. Sample preparation and 
post-processing procedure for X-ray measurement 
data are explained. Furthermore, absorption of 
the substrate when a fresh repair material is cast 
on top of it is investigated. For improving repair 
performance, primers are sometimes used in the 
field. It is commonly assumed that the main role 

1 INTRODUCTION

Moisture transport between repair material and 
concrete (or mortar) substrate determines the 
development of the interface and repair material 
microstructure in concrete repair systems (Zhou 
2010, Courard, Lenaers et al. 2011). Capillary 
absorption by the concrete substrate is benefi-
cial as it enables higher mechanical interlocking 
between the two materials. Yet, moisture absorp-
tion by the substrate prior to setting of the repair 
material also determines the resulting w/c ratio of 
the repair material. Therefore, if  too much water 
is absorbed by the concrete substrate, there might 
be no water available for hydration of the repair 
material. For optimal performance of the repair 
system, dynamics of the moisture exchange should 
be well understood.

Still, this area of research remains scarcely 
investigated and poorly explained, as the dynam-
ics of water exchange is very complicated and are 
strongly influenced by hydration of the repair 
material. As microstructure of the repair material 
is continuously changing, the diffusion coefficient 
of the repair material is dependent on time, initial 
water content and saturation state of the concrete 
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of primers is to prevent water exchange between 
the repair and the substrate, thereby enhancing the 
bond strength. Therefore, in one test, commercially 
available primer was applied in order to investigate 
its role on reducing and stopping absorption of 
the substrate. This knowledge will enable a more 
justified decision about possible use of primers in 
future experiments and in practice.

2 MATERIALS AND METHODS

2.1 Materials and sample preparation

The substrate used in the study was a two year 
old mortar. The reason for using mortar (instead 
of concrete) was to minimize heterogeneity and 
specimen to specimen variation at the scale of 
investigation. A standard mortar mixture (OPC 
CEM I 42.5 N, water-to-cement ratio 1:2, cement-
to-sand ration 1:3) was used. Small prism speci-
mens (18 × 19 × 40 mm3) were slowly cut with a 
diamond saw from bigger mortar samples. Prior to 
casting of the repair material, top surface of the 
substrate was polished to expose aggregates and 
minimize the influence of surface roughness. The 
sample is then placed in a mold and covered with 
aluminum self-adhesive film.

Before testing, mortar substrate was dried in the 
oven at 105°C until constant weight is achieved. 
This was done in order to remove all evaporable 
water and have a zero initial moisture content at 
the start of the experiment (Hall 1989). It has to 
be noted that these conditions might also trigger 
some microstructural changes and microcrack-
ing in the material (Ye 2003). As repair material, 
cement paste with OPC CEM 42.5 N and a water-
to-cement ratio of 0.5 was used.

2.2 X-ray absorption measurement

After sample preparation, mortar substrate or 
repair system were placed in the Phoenix Nanotom 
X-ray system (CT scanner) for measuring the water 
exchange (Fig. 2). CT images are maps of X-ray 

absorption in the material (Trainor, Foust et al. 
2012). Here, only a single X-ray image is taken at 
certain time step. The sample was kept in the same 
position during the whole experiment. The result-
ing CT images are spatial distributions of linear 
attenuation coefficients, expressed by GSV (grey 
scale value). In this paper, an attempt is made to 
correlate the GSV change with change in moisture 
content as a function of time. One way of doing 
this is by correlating the change of grey scale value 
with attenuation coefficient of water (Michel, Pease 
et al. 2011, Pease, Scheffler et al. 2012). There, the 
attenuation behavior of monochromatic x-ray is 
described by the Beer-Lambert law:

I I e t−
0II μtt

 (1)

where μ is the attenuation coefficient, t is the thick-
ness of the sample, I0 is incident intensity. It is 
attenuated (i.e. absorbed and scattered) as photons 
pass through the specimen, resulting in transmit-
ted intensity I. If  the resulting image is a spatial 
distribution of the linear attenuation coefficients, 
expressed as a GSV, this GSV is correlated to 
intensity and can be used to determine the attenu-
ation coefficient of material.

Correlating GSV change with change in mois-
ture content is done by taking advantage of a 
simple physical principle. In a dry sample, X-rays 
are attenuated only by the dry material. If  there 
is some moisture intake in a porous material, the 
attenuating material consists of the dry material 
and a thickness of water layer equivalent to the 
(volume) moisture content of the material. This 
means that, by knowing the attenuation coefficient 
of water, and knowing the change in GSV, the 
(additional) moisture content inside the material 
can be determined. Material was always analyzed 
in the middle part in order to exclude edge effects.

In order to relate the change in GSV with the 
change in moisture content, the following proce-
dure was used:

– Attenuation coefficient of water can be deter-
mined based on the GSV difference of air and 
water (see Fig. 3). Attenuation coefficient of 

Figure 1. Sample preparation: a) samples after cutting 
and polishing b) samples in a mold and covered by alumi-
num self-adhesive film.

Figure 2. a) Samples prior to placing in a CT scanner 
b) CT scanner setup.
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water can be determined based on the following 
formula:

GSV GSV ewaVV ter aGSVV ir
tw wt ater−μ

 (2)

where GSVwater is the greyscale value of water, 
GSVair the grey scale value of air, twater the thick-
ness of water and μw is the attenuation coeffi-
cient of water. Only μw is unknown and can be 
determined.

– Once the attenuation coefficient of water is deter-
mined, GSV of the wet porous material can be 
correlated to GSV of the dry porous material as:

GSV GSV eweVV tmat drymatVV tw wt−μ
 

(3)

where tw is the thickness of water layer equiva-
lent to moisture content in sample and can be 
expressed as:

t c
t

w wc
w

Δ
ρ  

(4)

Here, Δcw is the change of water content 
[g/cm3], t is the thickness of the sample and ρw is 
the density of water. From these equations, Δcw 
can be determined as:

Δc
t

GSV
GSVw

w

w

weVV tmat

drymatVV
= −

ρ
μ

ln
 

(5)

Due to variation of the beam intensity, GSV var-
ies even without change in the moisture content. In 
order to account for this effect, a reference glass 
was used (see Fig. 3). Subsequently, each image 
was calibrated according to the change of GSV in 
the reference glass.

Scanning parameters used in were: X-ray tube 
voltage 130 kV, X-ray tube current 270 μA. The 
spatial resolution was 30 μm/pixel.

The water attenuation coefficient was deter-
mined at the beginning of each experiment. 

However, as the thickness of the measured water 
layer and settings of the CT scanner were kept 
constant, the attenuation coefficient varied by 
0.5% between experiments and, therefore, a con-
stant value (0.2233 cm−1) is used in all calculations. 
It has to be emphasized that two assumptions were 
made which might affect obtained results (Pease, 
Scheffler et al. 2012). First, the attenuation coeffi-
cient of water is taken to be independent of porous 
material thickness and water layer thickness. And 
second, Beer-Lambert law applies for monochro-
matic x-ray (x-ray photons of a single, consistent 
energy), while the x-ray source used in this study 
produces polychromatic x-ray photons (x-photons 
over a spectrum of energy levels). However, as 
the material properties (i.e. porosity) and mate-
rial thickness were kept consistent throughout the 
whole experiment, and the intensity of beam was 
calibrated with the reference glass, it is considered 
that these assumptions would not considerably 
affect the results. In addition, measured moisture 
content in the specimen is compared to porosity 
measurements obtained by Mercury Intrusion 
Porosimetry (MIP) in order to check if  it is in a 
reasonable range of values.

2.3 MIP measurement

In order to check the results of applied method 
(moisture content in the specimen), porosity of the 
mortar was measured. Pore size and distribution 
were tested by MIP. Procedure for this method is 
well established and detailed information can be 
found elsewhere (Ye 2003).

3 RESULTS AND DISCUSSION

3.1 Absorption of the mortar substrate when 
water is absorbed from the bottom

First study is done on the absorption rate of mortar 
(test marked as ABS-bottom). Moisture change as a 
function of time is given in Figure 4. Moisture pro-
file is averaged through the thickness of the sample. 
Moisture profiles are given in Figure 5.

Obtained curves resemble the curves obtained 
by neutron radiography (Zhang, Wittmann et al. 
2010) or nuclear magnetic resonance method 

Figure 3. Difference in grey scale value a) air b) water.

Figure 4. Qualitative representation of water change 
as a function of time (wetting from the bottom—ABS-
bottom).
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(Hall 1989). This means that water profiles in mor-
tar samples can be monitored very accurately by 
X-ray absorption.

3.2 Absorption of the mortar substrate 
when water is absorbed from the top

Additionally, absorption of the substrate, with a 
water layer on top, is investigated (tested marked 
as ABS-top). Water was placed at the top in order 
to investigate if  the absorption rate would differ, 
as the repair material will also be cast from the 
top side of the substrate. Experiment setup and 
results are presented in Figure 6a and Figure 6b, 
respectively.

Inflection points of the moisture profiles (cho-
sen at 0.05 g/cm3) are defined as absorption profile 
(absorption height) and are presented in Figure 7. 
From Figure 7 it is observed that the absorption 
direction (influence of gravity) does not have sig-
nificant influence on water absorption. Water 
absorption follows the linear function of square 
root within the monitored time.

The total amount of absorbed water as a func-
tion of time can be calculated by integrating mois-
ture profile at a certain time step. These curves are 
given in Figure 8, and can be compared to gravi-
metric tests performed using same samples.

For this specimen size, results are not alike. 
There are a few possible reasons for this. First, 
due to the small specimen size and influence of 
cutting (possibly creating microcracks at the speci-
men edges), gravimetric results might show higher 
results than X-ray measurements. This influence 
is less in X-ray measurements as specimen edges 

were excluded from the analysis. Second, for this 
specimen size and exposed area for absorption 
test (around 3 cm2), gravimetric measurement 
can result in large errors. Third, as discussed 
earlier, attenuation coefficient of  water might be 

Figure 5. Moisture profiles in the left and right specimen 
(from Fig. 4) as a function of time (test ABS-bottom).

Figure 6. a) Obtained images (top-whole GSV range, bot-
tom-chosen GSV range) b) Moisture profiles in both speci-
mens (S1 and S2) as a function of time (test ABS-top).

Figure 7. Absorption height in the specimens where 
water was absorbed from the bottom and from the top.

Figure 8. Comparison between moisture absorption 
measured by gravimetric test and by X-ray absorption.
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somewhat lower than used in these calculations. 
Practically, attenuation coefficient might be lower 
due to interaction of  material (Pease, Scheffler 
et al. 2012) and water and in current experiments 
this was not taken into account. Lower attenuation 
coefficient would lead to larger area and increase 
in calculated cumulative water content captured 
by X-ray absorption. In order to investigate the 
accuracy of  the calculated attenuation coefficient 
and the gravimetric test, porosity measurements 
can be of  use.

3.3 MIP results on a substrate mortar

Four replicate mortar samples were tested. 
 Differential curves of all replicates are very similar 
and are given in Figure 9. Since it is mature mortar, 
the first and the second peak are very close to each 
other. This means that capillary pores are very fine 
due to the age of samples.

The average porosity of all tested samples is 
12.23%, with a standard deviation of 4.17%. The 
average pore diameter is 0.05 μm with 8% stand-
ard deviation. The porosity measured by MIP is 
in accordance with the moisture content obtained 
by X-ray with the assumption that during absorp-
tion most of the pores are saturated (from Fig. 5 
and 6 maximum moisture content is higher than 
0.11 g/cm3 and from MIP measurement, if  all the 
pores are full, moisture content of the sample is 
0.1223 g/ cm3).

3.4 Water exchange in a repair system

Cement paste with a w/c ratio of 0.5 and around 
15 mm thickness was cast on the top of the sub-
strate mortar. In one case, the substrate was 
treated with a commercial primer prior to appli-
cation of the repair material. Immediately after 
casting, repair systems are sealed with aluminum 
self-adhesive tape and placed in the CT-scanner in 
order to investigate the moisture exchange between 
repair material and concrete substrate (Fig. 10).

It is considered that the main absorbed com-
ponent from the repair material is the water. 
Therefore, although cement slurry (and not the 
pure water) was absorbed by the mortar substrate, 
the attenuation coefficient for water is used in the 
calculations. This assumption, however, needs to 
be further investigated.

Both curves in Figure 11 start at 33 minutes, 
which was the time needed for casting, vibrat-
ing, sealing and placing the specimens in the 
CT- scanner. It seems that the primer does not 
reduce the rate of water absorption. However, in 
the beginning, the primer did slightly postpone 
the onset of water loss from the repair material 

Figure 9. Pore size distribution of four replicate mortar 
samples.

Figure 10. a) Obtained images for testing repair system 
(from left-immediately after putting the specimens in the 
CT scanner-26 min after casting, 421 min and 1283 min 
after casting).

Figure 11. a) Moisture profiles in the specimen a) with 
the primer b) without the primer.
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(Fig. 10). However, the rate of absorption seems 
not to be affected by the application of primer 
(Fig. 12). In addition, curves have a similar slope 
as the curves from the absorption test. This means 
that the cement slurry from the repair material is 

initially absorbed with the same speed as water. 
This is contradicting the assumption that, due to 
the higher viscosity of cement slurry compared 
to water, it would be absorbed slower. Therefore, 
as water from the repair material can be absorbed 
very fast, it seems that pre-saturating concrete 
substrate is critical factor for obtaining envisaged 
repair system properties.

If the procedure for calculating the cumulative 
moisture absorption based on integrating moisture 
profiles is applied on the repair material, the fol-
lowing curves are obtained (Fig. 13a). In the first 
29 hours of curing, samples were sealed. In this 
period, the total change of moisture content in the 
repair system should be equal to 0 if the sealing 
was complete good (i.e. the amount of water that is 
lost from the repair material should be equal to the 
amount of water that is absorbed by the substrate). 
After 29 hours from casting, the repair systems were 
uncovered and exposed to drying. This can be also 
captured in Figure 13a. After 29 hours, the substrate 
still have a constant water content, which does not 
hold for the moisture content in the repair material. 
Drying profiles of the two specimens are shown 
in Figure 13b and they confirm that also drying 
profiles can be very accurately captured by X-ray 
absorption. In addition, both repair systems, with 
and without primer, show the same rate of drying. 
This confirms that similar amount of water was lost, 
leading to similar degree of hydration and therefore, 
the same rate of drying in two repair materials.

4 CONCLUSIONS

Based on the presented study, the following con-
clusions can be drawn:

– X-ray absorption can be used to predict mois-
ture transport in porous materials very accu-
rately and with high resolution. Both absorption 
profiles and drying profiles can be quantified.

– With this technique, water absorption as a lin-
ear function of square root of time could be 
captured.

– Applied primer did not prevent or reduce the 
rate of water loss from the repair material, but 
only delayed the onset of water loss.

Saturation level of the concrete substrate is the 
critical parameter for development of properties 
inside the repair system and its influence needs to 
be further investigated.
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ABSTRACT: This paper presents experimental results on the effect of realistic steel surface conditions 
on the initiation of chloride-induced corrosion. Ten series of “as-received” reinforcement steel originat-
ing from different countries and having been subject to different exposure histories (storage, transport, 
handling, etc.) were studied. There were clear differences in visual appearance, which were reflected in 
electrochemical characterization (cyclic voltammetry). Metallographic analyses also indicated differences 
in terms of steel microstructure. Neither the visual appearance nor the amount of initially present rust 
permitted any prognosis of resistance to chloride-induced corrosion. On the other hand, martensitic steels 
appeared to yield lower chloride threshold values than ferritic-pearlitic microstructures.

The results illustrate the difficulties that realistic conditions cause for the concept of the critical chlo-
ride content. Given the low degree of confidence with which corrosion initiation can be predicted, the 
feasibility of the concept of the critical chloride content is discussed.

chloride by cement weight). Given the well-known 
large uncertainties inherent to the critical chloride 
content (Angst et al., 2009), these values are rela-
tively conservative.

The success of the described concept of  reducing 
corrosion initiation to a mere question of  chlorides 
was certainly favored by the fact that chloride 
concentrations in concrete can relatively easily be 
determined, both in the laboratory and on samples 
taken from structures, and by the simple need for 
a criterion, on which engineering decisions can 
based.

As long as concrete technology and  construction 
methods remained relatively constant and resulted 
in similar concrete qualities and properties over 
many years, it may have been feasible to rely on 
long-term field experience, i.e. to design and assess 
structures based on past experience. However, 
advances in concrete technology (e.g. admixtures 
permitting manufacture of denser concretes) and 
cement production (e.g. the use of  supplementary 
cementitious materials to improve certain  concrete 
properties and to reduce the environmental foot-
print) led to significant changes in terms of 
 concrete microstructure, pore solution chemistry, 
chloride binding capacity, etc. Given the absence 
of past experience for the majority of these 

1 INTRODUCTION

Over the last decades, considerable efforts have 
been made in science and engineering to predict 
initiation of chloride-induced reinforcement cor-
rosion in concrete. After it was recognized in the 
second half  of the last century that i) initiation of 
pitting corrosion in alkaline concrete requires the 
presence of chloride and that ii) some sort of cor-
relation exists between the risk for corrosion initia-
tion and the chloride concentration in the concrete 
(Hausmann, 1967, Richartz, 1969, Vassie, 1984), 
the concept of the critical chloride content or chlo-
ride threshold value was born. This concept is now 
well-established and reflects the wide-spread belief  
that initiation of chloride-induced reinforcement 
corrosion can be predicted directly as a function 
of the chloride concentration. Direct evidence for 
this are also the extensive research efforts made 
over the last decades to model chloride ingress into 
concrete, e.g. reviewed in (Tang et al., 2012). The 
conceptual approach of assessing the risk of cor-
rosion simply as a question of chlorides found its 
way also into national and international standards 
that specify tolerable chloride concentrations for 
produced concrete or chloride threshold values 
to be used in condition assessment (such as 0.4% 
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 modern, non-Portlandite systems, attempts were 
made to determine the  critical chloride content 
with help of accelerated testing in the laboratory. 
A large number of literature attempts are reviewed 
in (Angst et al., 2009). It is very well known that 
these attempts generally got bogged down in many 
details such as specimen design, accelerating chlo-
ride ingress, measurement methodologies, etc. As 
a result, literature chloride threshold values scatter 
over several orders of magnitude and there exists 
still no accepted test setup or method to determine 
this parameter of uttermost practical importance. 
One of the major challenges lies in simultaneously 
satisfying the general desire for a fast and repro-
ducible method and the requirement of practice-
related conditions to ensure that the results are 
relevant for practice.

This paper presents experimental results on the 
effect of realistic—generally termed “as-received”—
steel surface conditions on the  initiation of chloride-
induced corrosion. This is here used as an example 
of one of the numerous degrees of  freedom that 
exists in experimentally determining the critical 
chloride content. The example illustrates the dif-
ficulties that realistic conditions cause for the con-
cept of the critical chloride content. Given the low 
degree of confidence with which corrosion initia-
tion can be predicted, the  feasibility of the concept 
of the critical chloride content is discussed.

This work was performed at the Institute of 
Building Materials at ETH Zurich, Switzerland, as 
part of the work of RILEM technical committee 
235-CTC “corrosion initiating chloride threshold 
concentrations in concrete”.

2 EXPERIMENTAL

2.1 Materials

Plain carbon steel reinforcement steel bars of 
 diameter 12 mm and length 10 cm were sent to 
ETH Zurich from different countries. This included 
ten different series of reinforcement steel that were 
bought by participants of RILEM TC 235-CTC 
in their respective countries, compare Table 1. 
All rebar samples were type Class B according to 
EN 1992-1-1:2005, with the exception of series H 
(China). The bars from series H also had a slightly 
smaller diameter than 12 mm. The two series 
from Sweden (G and I) were supplied by different 
laboratories.

The rebars were sent to ETH in “as-received” 
condition, which means with the surface state as 
they were delivered from the supplier. At one end 
of each bar, a hole was drilled and an electrical 
cable connection was made with help of a screw. 
Thanks to the mechanical connection, there was 

no need for soldering or other heating of the steel 
that may have affected the steel and its surface.

Subsequently, the rebars were degreased with 
acetone and immediately after this, the ends of the 
rebars were coated with a thin (ca. 1–2 mm) layer 
of the cement-based product Pro Svum 05/Pro 
Acryl 100 supplied by the company Pro-Tex AS, 
Denmark. The central, uncoated and later exposed 
part of the rebars had a length of 6 cm.  Figure 1 
schematically shows the specimen geometry.

2.2 Exposure

For each series, two bars were prepared as 
described above and then vertically hanged in an 
exposure tank. The tank was filled with saturated 
calcium hydroxide solution so that the entire part 
of uncoated steel surface was submerged. The tank 
was closed with a lid to limit ingress of air and thus 
carbonation of the solution. The pH of the expo-
sure solution was checked at least once per week 
and calcium hydroxide powder was regularly added 
to ensure constant buffering at pH = ca. 12.5.

All specimens were connected to a data logger. 
A silver/silver chloride/sat. potassium chloride ref-
erence electrode was continuously immersed in the 
solution at the edge of the tank. All rebar  potentials 

Table 1. Designations and countries of 
 origin of the 10 different series of as-received 
reinforcement steel bars tested in this work.

Designation Country

A Switzerland
B Denmark
C Germany
D France
E Spain
F The Netherlands
G Sweden
H China
I Sweden
J Norway

Figure 1. Schematic illustration of specimen.
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were measured at an interval of 1 h versus the 
immersed reference electrode.

After 42 d of exposure in sat. Ca(OH)2, sodium 
chloride was added to the solution to increase the 
chloride concentration stepwise on a weekly basis. 
The increase in chloride concentration was always 
0.01 mol/l (step height) up to 0.09 mol/l. After this, 
the step height was increased to 0.02 mol/l.

During all exposure experiments, the tempera-
ture remained constantly at 20–22°C.

2.3 Measurements and methods

Prior to preparing the samples as described in the 
previous section, the rebar surfaces were exam-
ined by means of reflected-light microscopy. From 
selected bars, sections were cut, polished and 
etched (3% nitric acid) for metallographic analyses 
of the microstructure.

After ca. 40 d of exposure in sat. Ca(OH)2, 
cyclic voltammetry was performed on all rebars. 
The sweep rate was 5 mV/s and the scans were 
started from the open circuit potential. It was 
first scanned in cathodic direction with a reverse 
potential at –1.4 V vs. Ag/AgClsat; the upper reverse 
potential was 0.6 V vs. Ag/AgClsat. In total, 5 cycles 
were recorded.

During exposure to chloride, the potentials 
of the bars were monitored. A drop by at least 
150 mV into negative direction was considered 
to indicate corrosion initiation. Normally, these 
drops occurred within very short time, but some 
of the specimens were able to recover and repassi-
vate. These depassivation and repassivation events 
are well known, e.g. (Angst et al., 2011), and have 
also been taken into account for defining onset of 
corrosion in the work of RILEM TC 235-CTC. 
In the present study, the criterion for stable corro-
sion onset was that the potential of at least 150 mV 
more negative than the initial “passive level” was 
maintained for the rest of the test period, at least 
for 3 weeks (no repassivation).

3 RESULTS AND DISCUSSION

3.1 Microscopy and metallography

Already by the naked eye, clear differences between 
the as-received surface states of the ten different 
series of rebars could be seen. Figure 2 shows three 
selected examples that are representative for the 
surfaces of the ten different series of as-received 
rebars. Series C, D, and E were all essentially free 
from red or brown visible corrosion products and 
exhibited an almost clean metal surface. The rebars 
of series A, G, H, and I were partially coated 
(<50% of the surface) with red-brown corrosion 
products. Finally, series B, F, and J were severely 
pre-corroded and exhibited relatively thick and 
flaky layers of red-brown corrosion products. This 
arbitrary classification in “low”, “intermediate” 
and “high” degree of pre-existing rust is also sum-
marized in Table 2.

The metallographic analyses (Fig. 3) revealed 
that the rebars of series C and F exhibited an 
almost homogenous ferrite-pearlite  microstructure 
over their cross-sections. Series H also shows a 
 ferrite-pearlite microstructure, however a  markedly 
coarser one. Series H also has a significantly higher 
carbon content than the steels from series C and F. 
The rebars belonging to all the other series had a 
composite microstructure with typically three zones: 
a ferrite-pearlite core, an  intermediate layer, and a 
surface layer of martensite. These bars  obviously 
underwent a thermo- mechanical strengthening 
process (e.g. as known under trade-names such as 
“Tempcore”) that lead to the  tempered martensite 
surface layer.

3.2 Cyclic voltammetry

Figure 4 shows two examples of clearly distinct 
cyclic voltammograms that are representative for all 
measurements (compare Figure caption). The vol-
tammogram shown in Figure 4a exhibits a number 

Figure 2. Optical micrographs of three selected examples of the rebars in as-received surface condition (rebar  diameter 
= 12 mm, grid unit = mm). Figure a) is an example of a low degree of  pre-existing rust, b) represents an intermediate 
degree of  pre-existing rust, and c) a high degree of  pre-existing rust.
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of distinct peaks in both anodic and cathodic cur-
rent direction. With increasing number of cycles, 
the current density, j, at these peaks increased. 
The peak indicated with the Roman number I at a 
potential close to –0.5 V vs. Ag/AgClsat corresponds 
most likely to the conversion of Fe(II) to Fe(III) 
(R.S. Schrebler Guzmán et al., 1979, Ravikumar 
et al., 1996, Cabrini et al., 2014). The peak current 
density, jp, of peak I at the first cycle is in the exam-
ple shown in Figure 4a equal to 1.64 mA/cm2.

In the voltammogram shown in Figure 4b, 
this peak is much less pronounced but exhib-
its a  significantly higher current density, which 
also increases with increasing number of cycles 
run. For the first cycle, jp is 6.47 mA/cm2. All 
other peaks that were  apparent in Figure 4a van-
ish in the blurred  voltammogram measured for 
series B, which is representative also for series F 
and J. Series B, F, and J have in  common that their 
steel surface was covered with a relatively thick 

layer of  pre-existing  corrosion products (com-
pare Fig. 2). The much higher current densities 
observed in these cases during cyclic voltammetry 
can be ascribed to the oxidation and reduction of 
these corrosion products.

For simplicity, in this work, the peak current 
density jp only of peak I will be evaluated. Values 
derived from the first cycle of cyclic voltammetry 
are given in Table 2, together with some informa-
tion collected from the microscopic techniques 
described above.

There is a clear relationship between the degree 
of pre-existing rust on the as-received steel bars and 
jp; the more corrosion products that are present on 
the surface, the higher is jp. For the essentially blank 
rebars (series C, D, and E), jp was in the range of 
ca. 0.6–1.7 mA/cm2, while for the surface rust states 
classified as “intermediate” jp was in the range of 
ca. 1.6–3.5 mA/cm2, and for the highly pre-corroded 
surfaces jp was in the range of ca. 4.9–6.5 mA/cm2.

Table 2. Degree of pre-existing rust on the rebar surface, microstructure of the 
outermost layer, and current densities of peak I during the first cycle of cyclic 
voltammetry, jp, of the different rebar series.

Series Degree of rust Surface microstructure jp (mA/cm2)

A Intermediate Martensite 1.64
B High Martensite 6.47
C Low Ferrite-Pearlite 1.73
D Low Martensite 0.64
E Low Martensite 1.60
F High Ferrite-Pearlite 4.92
G Intermediate Martensite 2.86
H Intermediate Coarse Ferrite-Pearlite 3.46
I Intermediate Martensite 1.99
J High Martensite 5.74

Figure 3. Metallographic sections of a) an example of a rebar with a martensite surface layer and a ferrite-pearlite 
core, b) an example of a rebar with homogenous ferrite-pearlite microstructure, and c) the steel from series H with a 
coarse ferrite-pearlite microstructure and a markedly higher carbon content than the example shown in Figure 3b.

ICCRRR15_Fullpaper_Book.indb   180ICCRRR15_Fullpaper_Book.indb   180 8/27/2015   9:09:57 AM8/27/2015   9:09:57 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-26&iName=master.img-002.jpg&w=368&h=142


181

3.3 Corrosion tests

The chloride concentration in the solution when 
corrosion initiation was detected is regarded as 
the chloride threshold value. It can be expressed as 
ratio of chloride and hydroxide concentrations. The 
results of the present study are shown in Figure 5. 
Note that each series consisted of 2 rebars, with 
the exception of series A, where 3 bars were tested. 
Clearly, the measured threshold values scatter over 
a wide range. In most cases, the scatter within one 
series was smaller than the overall variability.

Nevertheless, comparing these results with 
the observations made with microscopy and 
 electrochemical surface characterization by means 
of cyclic voltammetry (Table 2), one can conclude 
that there exists no systematic relationship between 
the  chloride threshold value and the degree of initial 
pre-existing rust or jp. Neither the amount of rust 
initially present on the surface nor the visual appear-
ance of the rebars permits thus any prognosis of the 
corrosion behavior when exposed to chlorides.

Figure 4. Cyclic voltammograms run after ca. 40 d 
exposure in chloride-free saturated calcium hydroxide 
solution. The voltammogram shown in Figure a) is rep-
resentative for rebar series A, C, D, E, G, H, and I, i.e. 
those with low-intermediate degree of pre-existing rust; 
Figure b) is representative for rebar series B, F, and J, i.e. 
those with a high degree of pre-existing rust. Arabic num-
bers indicate the cycles; the Roman number the peak.

Figure 5. Chloride threshold values (min/mean/max) 
for each series of the as-received rebars.

Figure 6. Chloride threshold values (mean and standard 
deviation) for rebars with martensite or ferrite-pearlite 
microstructure at the surface (compare Table 2 and 
Fig. 3). Series H excluded for reasons given in the text.

This may be interpreted as a disagreement with 
various literature results that indicated that pre-
corroded steel surfaces perform typically worse in 
terms of resistance to chloride-induced corrosion 
compared to clean surfaces (Mammoliti et al., 1996, 
Li and Sagüés, 2001, Pillai and Trejo, 2005, Manera 
et al., 2008). Nevertheless, in these studies, corroded 
samples were investigated and compared to samples 
from the same batch, which were treated in different 
ways (e.g. sandblasting, polishing, etc.) to remove 
the rust layers. This is thus not the same situation 
as when comparing steel from different producers 
(different countries of origin, different exposure his-
tory, etc.) where some exhibit initial rust layers and 
other do not—as was the case in the present study.

From this it is inferred that another  parameter 
rather than the presence of absence of initial rust 
plays an important role in corrosion  initiation. 
There is indication that the microstructure of 
the steel may be such an influencing factor. 
 Figure 6 shows the observed chloride threshold 
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values sorted according to the type of steel micro-
structure that was apparent in metallographic 
analyses (summarized in Table 2). Concerning the 
ferrite-pearlite microstructures, series H was here 
excluded because it showed considerable differ-
ences (compared to series C and F) both in terms 
of microstructure (coarser) and carbon content 
(higher). As is apparent from Figure 5, series H 
initiated corrosion at significantly lower chloride 
concentrations than series C and F.

It appears from Figure 6 that the samples with 
a martensite structure at the surface generally ini-
tiated corrosion at lower chloride concentrations 
than did those samples with a ferrite-pearlite 
structure. This is in agreement with other literature 
results that indicated that martensitic steels are 
more prone to pitting corrosion than the ferrite-
pearlite microstructure (Al-rubaiey et al., 2013). In 
this regard, however, more research work is clearly 
needed.

Figure 7 depicts the cumulative probability distri-
bution of all samples tested in this work. For com-
parison, the well-known data from  (Hausmann, 
1967) are also shown in the plot.  Hausmann tested 
bars that were initially “cleaned and burnished to 
bright steel with emery paper” (rebar length 22.9 cm, 
diameter 0.95 cm). This is clearly a different sur-
face state than the as-received bars tested in the 
present work. Hausmann  performed experiments 
in  different alkaline solutions; Figure 7 shows 
only the results from  saturated calcium hydroxide 
 solution (thus comparable with the exposure con-
ditions in the present work).

If  all rebars tested in the present work are 
considered (circles in Fig. 7), the resulting distri-
bution of chloride threshold values scatters con-
siderably, in fact from Cl–/OH– = ca. 0.2 to almost 
a value of 4, thus by over one order of magnitude. 

 Nevertheless, it appears that more than 80% of the 
values are within the range Cl−/OH− = 0.2 to 2, and 
that only a small number of rebars shows a signifi-
cantly better corrosion resistance.

Although Hausmann used bright steel surfaces, 
where all pre-existing oxides had been mechanically 
removed, his results are not very different from the 
present observations. The famous criterion derived 
from his work, viz. the chloride threshold value of 
Cl−/OH− = 0.6, frequently used in the literature and 
in service life modeling, appears in the context of 
both his and the present work to be a highly con-
servative criterion for corrosion initiation. More 
than 90% of the here studied specimens initiated 
corrosion at Cl−/OH− ratios higher than 0.6.

3.4 Implications for corrosion prognosis 
and laboratory testing

As one may have expected, the different as-received 
steel surfaces performed very differently when 
exposed to alkaline, chloride containing solution. 
A huge scatter of chloride threshold values was 
observed (Fig. 5), not only between the various 
tested series of rebars, but sometimes also within 
individual rebar series, i.e. even when the steel bars 
originated from the same batch (same metallurgy, 
same exposure history, etc.). There was no correla-
tion between the degree of rust being initially present 
on the surface and the corrosion performance. Thus, 
the absence or presence of pre-existing rust on the 
reinforcement steel surface does not permit predict-
ing the resistance to chloride-induced corrosion, not 
even qualitatively. A factor that may have a signifi-
cant effect was however identified to be the micro-
structure (martensite vs. ferrite-pearlite) (Fig. 6).

For laboratory testing, the rebar surface is only 
one of the numerous degrees of freedom in the 
design of experiments or test methods for chloride 
threshold values (Angst et al., 2009). It is clearly 
evident that the so-called “as-received condition” 
cannot guarantee repeatability and reproducibil-
ity: When n rebars from the same batch are tested 
in alkaline solution, n different chloride threshold 
values are obtained. The results from Hausmann 
(Fig. 7) indicate that this is similarly true also if  the 
as-received surface state is eliminated by cleaning 
and burnishing. The observed variability in thresh-
old values (Fig. 7) may simply be explained by the 
stochastic nature of pitting corrosion initiation.

The marked extent to which the chloride thresh-
old value scatters, however, has consequences for 
predicting corrosion initiation and service life 
modeling. This can be illustrated by the following 
example of a deterministic calculation of chlo-
ride ingress based on the well-known “error func-
tion approach” derived from Fick’s second law 
of diffusion (Tang et al., 2012). For the present 

Figure 7. Cumulative probability distribution of chlo-
ride threshold values of all tested rebars, in comparison to 
the well-known results obtained by Hausmann (1967).
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 purpose, the following assumptions are made: 
 surface  chloride concentration = 3.0% by weight 
of cement,  negligible initial chloride  concentration 
in the concrete, chloride diffusion coefficient at 
 reference age 28 d of 2 × 10−12 m2/s, and the  ageing 
factor = 0.3. The predicted total chloride content 
in the concrete was converted to free chloride 
concentration with help of experimental data for 
chloride binding reported in (Angst, 2011). A pore 
solution pH of 13 was assumed to calculate the 
ratio of chloride and hydroxide. The time to corro-
sion initiation was then predicted with the different 
threshold values shown in Figure 7 and the result 
is shown for two different cover depths in Figure 8. 
It is evident that the variability inherent to  realistic 
rebar  surface conditions such as the as-received 
state tested in this study leads to an enormous 
uncertainty in corrosion prognosis.

In reality, there are even additional uncertain-
ties that were neglected in computing the data in 
Figure 8 such as the variability of concrete cover 
depths, chloride diffusion coefficients, and other 
model parameters. Moreover, the present results 
were determined with a setup in solution that can 
be considered as a homogeneous medium around 
the rebar. In concrete, on the other hand, further 
irregularities and defects arise at the steel surface 
such as macroscopic voids (either filled with air or 
with solution), cracks, aggregates, etc. These are 
well known to have local effects on corrosion initia-
tion (Reddy, 2001, Soylev and Francois, 2003) and 
are thus expected to broaden the scatter even more.

Given these large uncertainties in present pre-
dictive modeling, one may question the benefit 
of a prognosis stating that corrosion will initiate 
sometime between 20 and 200 years after con-
struction. It appears that the current concept of 
modeling chloride penetration into concrete and 
relating it to a chloride threshold value has a very 

weak predictive power. As a result, in service life 
design and maintenance planning, highly conserv-
ative assumptions have to be made (e.g. a chloride 
threshold value of Cl−/OH− = 0.6).

Clearly, the issue of corrosion initiation in con-
crete cannot be reduced to a question of  chlorides 
only, and the concept of the critical chloride  content 
needs to be replaced or enriched with a more refined 
approach capable of taking into account all other 
dominant and relevant effects. The steel surface 
condition can be considered as one of the many 
possible examples that lead to a “macroscopic 
variability”. More refined  methods are urgently 
needed to characterize in detail the  fundamental 
properties and mechanisms that  dictate why cor-
rosion initiates on one rebar and not on another, 
although they come from the same batch, share the 
same exposure history and appear from the current 
perspective identical. Only with such an approach 
will it be possible to reduce the large uncertainties 
inherent to current concepts and models.

4 CONCLUSIONS

In this work, ten series of “as-received” reinforce-
ment steel originating from different countries 
and having been subject to different exposure 
histories (storage, transport, handling, etc.) were 
studied. There were clear differences in terms 
of visual appearance (from almost blank to 
severely  pre-corroded), which were reflected in 
 electrochemical characterization after 40 d of expo-
sure in saturated calcium hydroxide.  Metallographic 
analyses also revealed differences in terms of steel 
microstructure. Corrosion testing in chloride con-
taining alkaline solutions revealed a high scatter in 
terms of chloride threshold value, both within and 
between the tested rebar series.

No systematic correlation was observed between 
the chloride threshold value and the degree of 
initial pre-existing rust. Thus, neither the visual 
 appearance nor the amount of initially present 
rust permits any prognosis of the corrosion 
 behavior when exposed to chlorides. Only the steel 
 microstructure seems to have a noticeable effect, 
i.e. rebars with a tempered martensite structure at 
the surface were more susceptible to pitting corro-
sion than steels of ferrite-pearlite microstructure.

Considering that in the present test setup, the 
exposure environment being a solution is homog-
enous, there is still a significant variability in 
 chloride threshold value for the as-received steel 
bars. It is expected that the variability becomes even 
more pronounced when the rebars are  embedded 
in concrete, which, being a composite material, 
 introduces further in homogeneities at the steel/
concrete interface.

Figure 8. Uncertainty in service life predictions arising 
from the variability in chloride threshold values; c = cover 
depth. See text for model assumptions and explanations.
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Nevertheless, it was concluded that even the steel 
surface condition alone is a parameter that causes 
an enormous uncertainty in current conceptual 
service life modeling. The common approach of 
reducing the issue of predicting corrosion initiation 
to a mere matter of chlorides was questioned. At 
present, the relevant parameters are obviously not 
yet understood and cannot be adequately quanti-
fied. There is thus an urgent need for more refined 
methods to characterize in detail the fundamental 
properties and mechanisms that dictate why cor-
rosion initiates on one rebar and not on another, 
given the same chloride concentration.

ACKNOWLEDGEMENTS

The authors acknowledge the support of the mem-
bers of RILEM technical committee 235-CTC 
who provided the as-received rebars from their 
countries.

REFERENCES

Al-rubaiey, S.I., Anoon, E.A. & Hanoon, M.M. 
2013. The influence of microstructure on the corro-
sion rate of carbon steels. Eng. & Tech. Journal, 31, 
1825–1836.

Angst, U. 2011. Chloride induced reinforcement corro-
sion in concrete. Concept of critical chloride content—
methods and mechanisms. Doctoral thesis, Norwegian 
University of Science and Technology, NTNU.

Angst, U., Elsener, B., Larsen, C.K. & Vennesland, Ø. 
2009. Critical chloride content in reinforced 
concrete—A review. Cement and Concrete Research, 
39, 1122–1138.

Angst, U., Elsener, B., Larsen, C.K. & Vennesland, Ø. 
2011. Chloride induced reinforcement corrosion: 
electrochemical monitoring of initiation stage and 
chloride threshold values. Corrosion Science, 53, 
1451–1464.

Cabrini, M., Lorenzi, S. & Pastore, T. 2014. Cyclic vol-
tammetry evaluation of inhibitors for localised cor-
rosion in alkaline solutions. Electrochimica Acta, 124, 
156–164.

Hausmann, D.A. 1967. Steel corrosion in concrete. How 
does it occur? Materials Protection, 6, 19–23.

Li, L. & Sagüés, A.A. 2001. Chloride corrosion threshold 
of reinforcing steel in alkaline solutions—Open-circuit 
immersion tests. Corrosion, 57, 19–28.

Mammoliti, L.T., Brown, L.C., Hansson, C.M. & Hope, B.B. 
1996. The influence of surface finish of reinforc-
ing steel and pH of the test solution on the chloride 
threshold concentration for corrosion initiation in syn-
thetic pore solutions. Cement and Concrete Research, 
26, 545–550.

Manera, M., Vennesland, Ø. & Bertolini, L. 
2008. Chloride threshold for rebar corrosion in con-
crete with addition of silica fume. Corrosion Science, 
50, 554–560.

Pillai, R.G. & Trejo, D. 2005. Surface Condition Effects 
on Critical Chloride Threshold of Steel Reinforce-
ment. ACI Materials Journal, 102, 103–109.

Ravikumar, M.K., Balasubramanian, T.S., Shukla, A.K. & 
Venugopalan, S. 1996. A cyclic voltammetric study on 
the electrocatalysis of alkaline iron-electrode reactions. 
Journal of Applied Electrochemistry, 26, 1111–1115.

Reddy, B. 2001. Influence of the steel-concrete interface 
on the chloride threshold level, PhD thesis, Imperial 
College, London.

Richartz, W. 1969. Die Bindung von Chlorid bei der 
Zementerhärtung. Zement-Kalk-Gips, 10, 447–456.

Schrebler Guzmán, R.S., J.R. Vilche & Arvía, A.J. 1979. 
The potentiodynamic behaviour of iron in alkaline 
solutions. Electrochimica Acta, 24, 395–403.

Soylev, T.A. & Francois, R. 2003. Quality of steel-con-
crete interface and corrosion of reinforcing steel. 
Cement and Concrete Research, 33, 1407–1415.

Tang, L., Nilsson, L.O. & Basheer, P.A.M. 2012. 
 Resistance of Concrete to Chloride Ingress, Abingdon, 
Spon Press.

Vassie, P. 1984. Reinforcement corrosion and the durabil-
ity of concrete bridges. Proc. Instn Civ. Engrs., Part 1, 
76, 713–723.

ICCRRR15_Fullpaper_Book.indb   184ICCRRR15_Fullpaper_Book.indb   184 8/27/2015   9:10:01 AM8/27/2015   9:10:01 AM

  



185

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2

Effect of reinforcement corrosion on serviceability behavior 
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ABSTRACT: Corrosion of reinforcement bars in R.C structures is one of the main causes that induce 
an early deterioration of a structure and reduces its service life. This paper reports results of an experi-
mental programme to check on the effect of reinforcement corrosion on the serviceability behaviour of 
R.C beams under load. Four series of beams were tested (6 Beams each series, 3 corroded and 3 control), 
the difference between the tree first series was just in the arrangement of the reinforcement (2Y12 at the 
bottom of the first, 1Y16 at the bottom of the second and 3Y10 at the bottom of the third), the last one 
the difference was in the load. To accelerate corrosion, the beams were immersed in baths of a sodium 
chloride solution (3%) and an electrical current was applied to selected elements of reinforcing for periods 
in excess of 30 days. During these periods the beams were subjected to a 4-point load of 20 kN for tree 
first series and 30 kN for the fourth series.

The results show the evolution of reinforcement corrosion and central deflection under simultaneous 
load, the effect of the reinforcement arrangement and map cracking of the corroded beams.

• the concrete, due to the cover cracking provoked 
by the expansion of corrosion products [3]

• the composite action of concrete and steel, due 
to the bond deterioration [4].

The combined effect of increased cracking and 
bond slippage results in increased serviceability 
deflection of the beams.

Most of  the research work found in the litera-
ture which tries to asses this phenomenon were 
based on laboratory studies. In order to reduce 
the time necessary for the corrosion of  reinforc-
ing bars, acceleration procedures such as impress-
ing an electrical current on the steel or adding 
chloride sodium solution to the mixing water of 
concrete were used. Moreover, in the majority of 
the work reported in the literature, the corrosion 
of  steel bars was carried out before load-testing 
of  the RC elements. Ballim et al [5,6] point out 
that this testing procedure presents two main 
drawbacks:

• In real structures, the corrosion takes place while 
the structure carries load and the two effects act 

1 INTRODUCTION

The success of Reinforced Concrete (RC) is due 
mainly to its structural versatility, long-term dura-
bility characteristics and the complementary inter-
action of its materials, namely the reinforcing steel 
and concrete. Provided that appropriate measures 
were undertaken in the design and the construction 
of a reinforced concrete structure, reinforcing steel 
embedded in concrete is normally protected against 
corrosion during the service life of the structure. 
However, this concrete cover protection to the rein-
forcement can be deteriorated by aggressive agents 
leading to the corrosion of the steel in concrete.

Internationally, the corrosion of reinforcing steel 
bars is the principal cause of early deterioration 
of concrete structures, leading to a reduction in 
residual service life. When aggressive agents reach 
the reinforcement due to the chloride attack or the 
carbonation of concrete cover, corrosion may start 
affecting [1]:

• the steel, due to the reduction of both the bar 
section and the mechanical properties [2]
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synergistically to accelerate the deterioration of 
the structure. For example, in the case of a beam 
element, cracks induced by the corrosion prod-
ucts are widened by the effects of the applied 
loads (and vice versa), thus allowing greater 
access to oxygen and water for more rapid cor-
rosion than if  the load effects were not simulta-
neously imposed.

• During the corrosion process, the time-depend-
ent effects of a sustained load on serviceability 
limit state behaviour are not considered. The 
level of corrosion related stresses and the dura-
tion and the level of external loads are both 
influencing factors in the deformation of the 
structure.

The research work reported in this paper accepts 
the logic of this approach to assessing the effects 
of reinforcement corrosion in laboratory-based 
studies. It was therefore considered important that 
a further contribution to the understanding of 
the effects of corrosion on structural performance 
should be based on an assessment of performance 
under simultaneous load and reinforcement corro-
sion conditions.

The research work involved the testing of four 
series of RC beams subjected to reinforcement 
corrosion while maintaining a sustained load. The 
first three series of beams were subjected to the 
same test conditions except that the arrangement 
of the bottom tension reinforcement was varied. 
Series 1 contained two Y12 bars (226 mm2), Series 
2 had a single Y16 bar (201 mm2) and Series 3 con-
tained three Y10 bars (235 mm2). The beams in 
these three test series were subjected to a 4-point 
load of 20 kN. In the fourth test series, the tension 
reinforcement consisted of two Y12 bars and the 
beams were subjected to an increased 4-point load 
of 30 kN.

2 DESCRIPTION OF THE SUSTAINED 
LOADING TEST RIG

The sustained load test rig developed by Ballim and 
Reid [5] was used in this testing program. Briefly, 
the loading rig allows a sustained four point bend-
ing load to be applied to a simply supported rein-
forced concrete beam over a span of 1050 mm. The 
load is applied through a compressed spring, onto 
a spreader beam that is placed on the top of the 
test beam. For the samples subjected to accelerated 
corrosion of the tension reinforcement, the under-
sides of the test beams as well as the supports were 
located inside a plastic watertight tank containing 
an electrolyte (3% NaCl solution). A companion 
steel bar, which acts as the cathode for the acceler-
ated corrosion process, was placed in the electrolyte 
solution below the beam. The same testing rig and 

arrangement was used for the control un-corroded 
samples, except that the electrolyte was replaced by 
plain water.

Six loading rigs were used to allow simultaneous 
testing of three beams with corroding reinforcement 
and three un-corroded control beams. One such set 
of six beams constituted a single test series.

Compression of the load spring was achieved 
by turning the nuts on threaded rods which passed 
through a movable plate. The magnitude of the 
load was controlled by monitoring the verti-
cal compression of the spring (see Fig. 1a). The 
springs were fabricated to provide a spring rate of 
400 N/mm. However, for the six springs used in 
the experimental program, calibration procedures 
indicated that the spring rates varied between 
406 N/mm and 436 N/mm. By using a spirit level 
to ensure that the movable loading plate was hori-
zontal during loading and a Vernier depth gauge, it 
was possible to compress the spring to an accuracy 
of 0.1 mm. This translates to a load accuracy of 
approximately 0.05 kN. An example of a loaded 
test frame is shown in Figure 1b.

The central deflections of the beams as well 
as the deflection of the beams over the support 
points were measured using dial gauges attached 
to the main steel I-section. This allowed the central 
deflection of the beams to be determined relative 
to that of the supports. It should be noted that the 
supports points inside the electrolytic plastic tank 
were made from a hard plastic material.

3 EXPERIMENTAL PROGRAM

3.1 Test beam dimensions and materials used

Twenty-four beams were cast with the dimensions 
and reinforcing layout shown in Figure 2. The 

Figure 1. Compressing springs to apply the sustained 
load and a general view of the loaded frames.

ICCRRR15_Fullpaper_Book.indb   186ICCRRR15_Fullpaper_Book.indb   186 8/27/2015   9:10:03 AM8/27/2015   9:10:03 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-27&iName=master.img-000.jpg&w=189&h=142


187

beams were divided equally into four series of six 
beams. In each series, the main tension reinforc-
ing steel of three beams was subjected to accel-
erated corrosion while the three beams served as 
control, un-corroded beams. As stated before the 
two parameters investigated during this study were 
reinforcement arrangement and magnitude of 
loading. The first three series of beams were used 
to study the effect of tension steel arrangement, as 
shown in Figure 2. The fourth series of beams were 
reinforced in an identical manner as the first series 
but was subjected to a higher applied load than in 
the case of the first three series of tests. The ten-
sile reinforcement of the beams consisted of high 
tensile deformed bars (Y) whereas the shear links 
and compression (top) reinforcement was made of 
mild steel bars, cut and bent as appropriate. All the 
reinforcing steel was obtained from the same steel 
mill run and a sample of the Y12 bar was tested to 
give a 0.2% proof stress of 596 MPa.

The shear stirrups were covered with a section 
of heat-shrink plastic at the points of contact with 
the main tension steel bar. This was done to elec-
trically isolate the rest of the steel cage from the 
main tensile bars that were to be corroded by an 
impressed current. 

The concrete mixture used to make the beams 
and cube samples for compressive strength testing 
consisted of ordinary Portland cement (CEM1), 
crushed sand, water and 13,2 mm crushed gravel 
with the proportions shown in Table 1. This con-
crete was designed according to guidance found in 
the literature [7] so as to yield a target 28-day com-
pression strength of 47 MPa. The crushed sand 
used had a fineness modulus of 2.86 and its grad-
ing satisfied the SABS 1083 [8] requirements. In the 

preparation of each series of 6 beams, sufficient 
concrete was mixed to also prepare three 100 mm 
cubes for compression strength testing and three 
100 mm square × 200 mm high prisms for elastic 
modulus measurements in accordance to BS 1881 
part 121 [9]. All concrete samples were moist cured 
for 28 days at temperature of 22 ± 1°C.

3.2 Instrumentation and loading of the test beams

An insulated electrical wire was soldered to one 
end of each tensile reinforcement bars before cast-
ing and the soldered area was coated with a thick 
layer of insulating paint. This wire was held in 
place when the concrete was cast so that it will be 
exited from the top face of the beam. A galvanos-
tatic method was used to accelerate the corrosion 
of the tensile reinforcement bars by connecting it 
to the positive terminal of a DC power supply, thus 
forcing the reinforcing steel to become anodic. The 
negative electrode was then connected to a steel 
rod (cathode) placed in an electrolytic solution.

The DC power supply, with a voltage limit of 
30 V and a maximum current output of  3 A, was 
used to supply the corrosion current at a rate of 
approximately 150 mA/cm2. A data logger con-
nected to a computer was used to record the cur-
rent in the reinforcing bars every hour during the 
test period.

After curing, the beams were placed in the 
loading rig for testing. The soffit of the beams 
was immersed in a liquid solution to a depth of 
approximately 30 mm. As stated before, a 3% 
sodium chloride solution was used for the cor-
roded beams whereas normal tap water was used 
for control beams. After a soaking period of one 
day in solution, the beams were loaded by com-
pressing the springs to the required level and the 
resulting deflections were recorded as the elastic 
responses to the application of load. The corrosion 
current was then applied to the reinforcing bars. 
Both the corrosion current and the applied loads 
were checked daily and adjusted to the set values if  
required. After the testing period, which generally 
exceeded 30 days under sustained load and simulta-
neous corrosion, the beams were remove from the 
loading rig and inspected visually for any corrosion 
damage that may have occurred. They were then 
placed in an Amsler testing machine with a load 

Figure 2. Dimensions and reinforcement details of the 
concrete test beams.

Table 1. Mix proportion of the concrete used for pre-
paring the beams.

Cement (CEM I) 409.1 kg/m3

Gravel 1000 kg/m3 w/c = 0.55
Sand 849.6 kg/m3 Slump = 60 mm
Water 225 L/m3
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capacity of 2000 kN and tested to failure using the 
same 4 point bending loading arrangement.

3.3 Rate of corrosion calculation

Two methods were used to estimate the corrosion 
rate and are given as follows:

1. Gravimetric method:
At the end of the test programme, the main ten-
sion reinforcement bars were carefully removed 
from each of the corroded beams and cleaned of 
all adhering mortar and corrosion product. The 
bars were then weighed to determine the extent 
of corrosion. The method used for cleaning the 
bars was similar to that outlined in ASTM G167 
[10] and involved first brushing the bar with a 
brass bristle brush and brass wool and then dip-
ping it into a dilute inhibited phosphoric acid 
solution.

2. Faraday’s law:
This method was used to determine a theoreti-
cal relationship between the time over which the 
impressed current was allowed to flow and the 
extent of corrosion [11,12 and 5]. The corrosion 
is an electrochemical reaction which means it 
results in a production of electrons. Assuming 
that, the oxidation of iron to ferrous ions (Fe → 
Fe2+ + 2e−) represents the principal electrochemi-
cal reaction, the charge that passes the circuit at 
time t after the start of the impressed current 
can be written using Faraday’s law:

q m n F m
w

n Ft
c⋅m =F ⋅ n  (1)

where:
qt:  is the total charge passed through the circuit 

after time t,
m:  is the number of moles of reactant consumed 

(or product formed),
n:  is the number of electrons required to convert 

reactant to product,
F:  is Faradays constant (96 485 C/mol).
mc: is the mass of the original iron consumed (g),
w:  is the molar mass of the iron (= 55.85 g/mol 

for Fe).
The charge can be determined by integrating 

the impressing current, I, with respect to time as 
follows:

q Idtt
t

t

=
∫

0

 (2)

Combining equations (1) and (2) yields the fol-
lowing equation, from which the mass of corrosion 
product can be determined at any time during the 
accelerated corrosion process:

m q w
nFc

t=  (3)

qt was calculated by numerically integrating the 
hourly measurements of impressed current over 
the time of testing, using the procedure described 
below.

The Trapezoidal formula was used to calcu-
late the integral numerically, using the following 
approach:

q0 0=  (4)

q I I
1 0q 0 1I3600

2
= +q0q  (5)

q I I
2 1q 1 2I3600

2
= +q1q  (6)

and more generally:

q I I
i iq i iI

= +qiq −1 3600
2

 (7)

The total charge qt can thus be estimated every 
hour which in turn yields the hourly lost mass of 
steel (mc). If  mo is the original mass of the un- 
corroded bar, the hourly rate of corrosion (Ct) with 
reference to the original mass, is given by:

C
mt

o c

o
=

( )m mo cm 100  (8)

However, in reality, the Fe → Fe2+ + 2e− is not 
the only reaction which takes place at the anode. 
There are competing reactions and Faraday’s law 
will only give a true reflection of the extent of cor-
rosion if  all the electron equivalents which have 
entered in the reaction are used. It is therefore 
necessary to determine the ratio of the charge con-
sumed in the reaction of interest (oxidation of Fe 
in the reinforcing steel) to the total charge passed. 
This ratio is referred to as the current efficiency, N 
[13, 14], and was obtained by comparing the mass 

Figure 3. Illustrative current vs. time graph showing 
computational analysis parameters.
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of corrosion product determined from the gravi-
metric method to that given by Equation 3 for the 
total accelerated corrosion period. This value of 
N was then used to adjust the extent of corrosion 
determined using Equation 3 at various times dur-
ing the corrosion process.

4 RESULTS AND DISCUSSION

4.1 Extent of corrosion

As mentioned above, two methods were used to 
estimate the rate of corrosion: gravimetric method 
and Faraday’s law. The results obtained by the first 
method are summarized in Table 2. The values 
given by Faraday law were adjusted by multiply-
ing them by current efficiency factor N. The values 
of N obtained for the series of beams tested are 
shown in Figure 4. The results seem to indicate 
that the current efficiency increases when arrange-
ment of small diameter reinforcing bars are used.

Upon removal from the concrete, all the cor-
roded bars generally showed pitting corrosion with 
some areas of more concentrated corrosion, as 
shown in Figure 5. This is in accordance to what 
was reported in the literature [14–16] and may be 

explained by the absence of carbonation of con-
crete, which would generally lead to more uni-
formly distributed corrosion.

The positions of the areas of concentrated corro-
sion can be identified in Figure 6, which shows exam-
ples of the measured diameters of the reinforcement 
bars at different locations along their lengths.

The pitting corrosion was observed to be focused 
at both the middle and the electrical connection 
end of the steel bars. This is most probably caused 
by electrical current concentration at the electrical 
connection end region and by higher steel stress 
together with increased concrete cracking in the 
middle section.

4.2 Cracking patterns

The beams were cleaned after corrosion testing 
and the cracking patterns as well as crack widths 
were measured and recorded. Typical crack pat-
terns and crack widths are shown in Figures 7a to 
7d for the four series of tests. were carried out as 
shown in Figure 7.

It can be seen that longitudinal cracking 
occurred mainly on the sides of the beams for 
series 2Y12 and 3Y10 while for series 1Y16 a sof-
fit longitudinal crack was observed. The choice 

Table 2. The rate of corrosion determined by Gravimetric method (mass loss).

Test 
series

Beam 
No.

Tensio bar 
number

Rate of 
corrosion (%)

Av. rate of 
corrosion (%)

Duration of accelerated 
corrosion period (days)

1 CR1 1 13.02 11.33
2 9.65 48

CR2 1 11.73 11.69
2 11.65

CR3 1 11.51 12.37
2 13.22

2 CR1 1 5.75 5.75 30
CR2 1 5.96 5.96
CR3 1 5.94 5.94

3 CR1 1 8.75
2* 5.30 6.49
3 5.42

CR2 1 4.77 55 for beam No. 3
2* 3.40 4.43
3 5.13 20 for beams No. 1, 2

CR3 1 15.20
2* 11.17 19.43
3 31.93

4 CR1 1 7.98 9.18
2 10.39

CR2 1 5.18 6.28 32
2 7.37

CR3 1 6.84 9.14
2 11.45

* For the Series 3 beams, bar number 2 is the central bar.
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of steel arrangement therefore appears to have a 
strong influence on the nature and extent of dam-
age to concrete cover when the steel corrodes.

4.3 Deflection behaviour at serviceability 
limits state

a. Deflection of control beams:
The mid-span deflections of control beams 
where the increase in deflection is mainly due 
to time dependent effect such as creep. Table 3 

Figure 6. Diameter (in mm) of the corroded bars meas-
ured at various positions along the length of each bar 
after corrosion and cleaning.

Figure 7. Cracking pattern and crack widths (in mm) 
for the four series of test beams.

Figure 4. Current efficiency.

Figure 5. Appearance of the corroded steel.
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Table 3. Percentage of deflection variation of control 
beams.

Series
fc28
(MPa)

Age at the 
beginning of 
loading (days)

Loading 
duration 
(days)

% of 
deflection 
variation

Series 1 48.1 130 55 13
Series 2 45.9  30 30 30
Series 3 42.44 100 55 37
Series 4 43.79  34 32 24

gives the relative increase in deflection at mid 
span, the duration as well as the age of loading 
and the compression strength of concrete used 
to make these control beams. It can be noticed 
that the creep effect decreases when either the 
strength of concrete increases [7, 17 and 18] or 
the age of concrete at loading increases.

b. Deflection of corroded beams:
Figures 8 and 9 show mid-span deflection vari-
ation with respectively the time and the rate of 
corrosion. It can be seen that deflection increases 
with both the time and the degree of corrosion 
of the tensile reinforcement. It can also be seen 
from these figures that the deflection of the first 
and the third series are more or less identical 
and are relatively lower than the deflection of 
the second series., highlighting, thus, the impor-
tance of an adequate layout of the tensile rein-
forcement across the beam’s soffit.

The relative deflection of the corroded 
beams was obtained by dividing their deflec-
tions by the corresponding deflections of the 
control beams. The variation of the relative 
deflection with the rate of corrosion is shown 
in Figure 10 for the series of beams consid-
ered herein.  Relative deflection seems first to 
increase linearly with the rate of corrosion, then 
this increase is reduced once the rate of corro-
sion surpasses 2 to 4%. Moreover, the curves 
of series one, three and four are more or less 

Figure 8. Mid-span deflections ration of control beam 
with time.

Figure 9. Mid-span deflections of corroded beams with 
rate of corrosion.

Figure 10. Relative deflections of corroded beams with 
rate of corrosion.

identical whereas  relative deflection for series 2 
is the highest for all rates of corrosion consid-
ered. Consequently, the arrangement of soffit 
reinforcement seems to have a great influence 
not only on the cracking pattern but also on the 
increase of the corrosion caused deflection.

5 ANALYTICAL MODELS OF THE 
CORROSION OF FLEXURAL BEAMS

5.1 Rigidity and damage coefficient

The values of the parameters, for the four points 
bending test, are: a = 350 mm, P = 20 kN for the 
three first series, and P = 30 kN for the last series. 
The bending moment and the deflection at mid 
span are given by:

M Pa( /L )2
2

=  (9)

W Pa
EI

Pa
Ro oR

( /L )2 23
48

23
48

3 3Pa23
= =  (10)

Ro = EIo Rigidity at the beginning of test.
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R Pa
Wo

oWW
=

23
48 2

3

( /L )
 (11)

a. Controls beams:
After “t” time, the deflection increase, this is due 
mainly to the creep. It can be explicate by the 
lost in stiffness:

R Pa
W

R RCont
tWW o CR reep= =

23
48 2

3

( /L )
Δ  (12)

ΔRCreep: is the lost in stiffness due to the creep.
b. Corroded beams:

In the corrosion tests, the loading was kept con-
stant. At “t” time of loading and accelerated 
corrosion, we have “c” level of corrosion, the 
deflection is increased, but in this case, is due to 
the creep and the corrosion of the reinforcement. 
Therefore, the corroded beam stiffness R(c) can 
be obtained from the above equation, and it can, 
also, illustrated by the lost in stiffness given by:

R Pa
W

R R

R R

Corr
CorrWW Creep CorrRR

Cont Corr

( )c
( /L )

= =

= R

23
48 2

3

0 Δ ΔRRCreep −R

Δ (13)

where: c is the rate of corrosion.
ΔRCorr is the lost in stiffness due to the corro-

sion, and can be calculated as:

ΔR R RCorr Cont Corr−RC t  (14)

It’s more convenient to represent the relative lost 
in stiffness ΔRCorr/Ro for each series.

This graph shows that the lost in stiffness is 
more important in the low level of corrosion, then, 

it stabilised. The reduction of the beam stiffness 
(from Ro to R(c)) is due to the well established 
effects of corrosion: rust staining, spilling of cover 
zone, reduction of bond strength and reduction of 
steel cross-section.

The variation of the relative rigidity (R(c)/Ro) 
with the rate of corrosion is shown in Figure 12.

It can be seen that the loading level at service 
does not seem to have a significant effect on the 
reduction of the beam stiffness, (2Y12-20 kN 
and 2Y12-30 kN series of beams). However, the 
arrangement of the soffit reinforcement of the 
beam seems to have an effect, albeit a small one, on 
the drop of the beam stiffness after corrosion. A 
fit of the curves contained in Figure 14 shows that 
the stiffness of the beam drops sharply when the 
rate of corrosion is less than 2%. After this level 
of corrosion the drop seems to be relatively less 
important when the rate of corrosion is increased. 
The proposed bilinear model for the relative rigid-
ity variation with the rate of corrosion is shown in 
Figure 12.

R
R

c
o

( )c , ,c %= − <,+0 1373 0 9601 2When c  (15)

R
R

c
o

( )c , ,c %= − >,+0 0122 0 7152 2When c  (16)

From the above equations we can also derive 
the damage coefficient “D(c)” [20–22], which is 
defined by:

D R
RoRR

( )c ( )c
= −1  (17)

The damage coefficient is calculated from this 
equation, and represented in Figure 13.

Figure 11. Relative lost in stiffness vs. rate of corrosion. Figure 12. Relative rigidity vs. the rate of corrosion.
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model can also be adopted for the definition of the 
damage coefficient in function of the rate of cor-
rosion, Figure 14.

D( )c , ,c %= +c, c <0 1373 0 0399 2When c  (18)

D( )c , ,c %= +c, c >0 0122 0 2848 2When c  (19)

6 CONCLUSION

The following conclusions can be drawn from this 
experimental and analytical investigation:

1. In the process of  acceleration of  corrosion the 
current efficiency is more important for 1Y16 
then 2Y12 and 3Y10. That’s mean; to acceler-
ated corrosion of  small diameter steel we need 
more current than the big diameter steel to 
have the same level of  corrosion. Also when 
there is vagabond current in RC structure there 
is less risk of  corrosion in small diameter then 
the big one.

2. Conformed to the literature of corrosion [1, 
14–16], the reinforces steel are corroded by pit-
ting corrosion, because it was caused by chloride 
attack, and there is no carbonation of concrete.

3. From the crack on the surface of RC beams we 
can predict that the reinforced steel in this side 
is corroded. Than for perspective, it will be very 
interesting if  we can find a relationship between 
the rat of corrosion and the crack width, from 
that we can estimate the degree of corrosion 
in the RC structure just from the crack width on 
the surface.

4. Under simultaneous load and accelerated cor-
rosion, the deflections of the beams increase 
with progressive corrosion of the reinforcement. 
A large increase in deflection was noted dur-
ing the early stages of corrosion as a result of 
propagation of transverse cracks on the beams 
caused by the flexural tension and the expansive 
stresses induced by the corrosion products.

5. From this investigation it was observed clearly 
the role of the arrangement of the steel in the 
section of concrete. In spite of air section of 
steel was nearly the same, the beams of 2Y12 
and 3Y10 were more performed in deflection, 
curvature and rigidity then the beams of 1Y16.

6. The analytical analyses propose some correla-
tion related to the rat of corrosion.
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Damage evaluation for freezing-thawing affected concrete 
by automated panoramic fluorescent microscope

Shuguang Li, Gaixin Chen & Guojin Ji
State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, 
China Institute of Water Resources and Hydropower Research (IWHR), Beijing, P.R. China

Wanqiu Xia & Dong Zhang
Jiangxi Hongping Pumped-Storage Power Plant, State Grid Xinyuan Holding Co. Ltd., Nanchang, China

ABSTRACT: The deteriorating process of concrete suffered Freezing-Thawing (FT) is a process of 
 initiation and development of microcracks. It’s very important to establish the correlation between the 
macroscopic properties and the microcrack characteristics to evaluate the damage extent in concrete. 
The first step is to quantify the microcrack characteristics such as length, width and density. Though CT 
or MRI is a promising tool of analyzing microcracks nondestructively, the spatial resolution of either 
of them is far from satisfactory to detect FT-induced microcracks. Traditional  microcrack- analyzing 
 techniques such as Scanning Electron Microscope (SEM), Optical Microscope (OM), Fluorescent 
 Microscope (FM) are all based on a limited number of small microscopic samples 1 or 2 mm in  dimension 
cut from concrete slices.  However, the limited samples are not representative and the microscopic analy-
sis results are not reliable because concrete is a highly heterogeneous materials composed of mortar, 
 Interfacial  Transition Zones (ITZ) and aggregates. Accordingly, this paper presented a method of 
 acquiring  panoramic  microscopic images of concrete slices (10 cm * 10 cm in size) impregnated with 
fluorescent epoxy by  Automated  Panoramic Fluorescent Microscope (APFM) which is designed and 
developed by our team. The APFM is characterized by four automatic modules, i.e., auto-scanning mod-
ule, auto-focusing  module, auto-mosaicing module and auto-analyzing module. Panoramic images of 
the concrete slices can be obtained by APFM in about two hours, which is efficient and accurate. In 
addition the area, length, density of microcracks in the slices can also be extracted and analyzed in the 
auto-analyzing module by digital-image-processing technique once the panoramic image is obtained. The 
evolution of microcrack  characteristics in concrete during the FT damaging process is obtained and the 
results show that the length density and area density of the microcracks increase with the increase of the 
FT  damage degrees.  Relationships between the mechanical properties and the microcrack density are also 
established.  Quantitative  microcrack analysis based on APFM is a promising tool in evaluating FT dam-
age and  revealing the essence of damage in concrete.

 ultrasonic velocity (Ohtsu, 2005; Suzuki, et al., 2010). 
Although the above non-destructive techniques are 
easy to apply, but they are all  phenomenological 
descriptions and either can reveal the essence of 
FT damage in concrete, which is the initiation and 
propagation of microcracks (Li and Cao, 2004).

With the development of microscopy and 
Digital-Image-Processing (DIP) techniques, some 
scientists such as Ammouche (2000), Litorowicz 
(2006), Elzafraney and Soroushian (2005a, 2005b) 
and Li et al (2012, 2014, 2015) begin to quantify 
microcrack patterns in mortar or concrete dete-
riorated by mechanical loadings, Alkali-Aggregate 
Reaction (AAR) or other factors. However, their 
microscopic analyses for concrete are all based on 
several so-called representative microscopic images 

1 INTRODUCTION

Most of the hydraulic concrete structures in North 
China are subjected to Freezing and Thawing (FT) 
deteriorations. FT-damaged concrete will suffer 
mass loss, decreases in mechanical properties and 
gradual loss of durability and the concrete struc-
tures will be decommissioned soon if  nothing is 
done to prevent the development of damage.

The precondition of maintaining and  repairing 
FT-damaged concrete structures is to make appro-
priate and reliable evaluations of the FT  damage 
in concrete. FT-damage evaluation methods 
include nondestructive methods, such as resonant 
frequency (China Institute of Water Resources 
and  Hydropower Research, 2006; Ohtsu, 2005), 
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and couldn’t represent the accurate microcrack 
patterns in the slices. As we all know, concrete is a 
highly heterogeneous material because of its three-
phase structure, we should obtain and analyze as 
many microscopic images as possible in the con-
crete slice to get a realistic microcrack pattern.

It is noteworthy that though CT technology 
seems to be a promising non-destructi ve tool to 
get the 3D structure of cracks in concrete through 
image-reconstruction, the Field Of Vew (FOV) and 
the spatial resolution is in a dilemma. The greater 
the FOV, the smaller the spatial resolution, and vice 
versa. It is really a huge challenge for the  current CT 
system to detect FT-caused  microcracks 10∼50 μm 
wide in full-scale concrete specimens which are 
 usually over 5 cm in dimension in the laboratory. For 
instance, Wakimoto, et al. (2008) applied x-ray lam-
inography to assess damage in concrete specimens 
7.6 cm in dimensions which had been exposed to 
freezing temperatures, but only microcracks about 
0.1 mm∼0.2 mm in width could be identified.

This paper mainly poposed a method to  generate 
panoramic image of the microcrack  pattern in 
the concrete slice by an Automated Panoramic 
 Fluorescent Microscope (APFM). Then the 
 evolutions of microcrack patterns of  microcracks in 
concrete with the increase of FT cycles were inves-
tigated. Finally correlations between the mechani-
cal properties and the microcrack density were 
established.

2 EXPERIMENTAL PROGRAM

2.1 Materials and mixing proportion

A series of concrete specimens with Fly Ash (FA) 
were produced and ordinary Portland cement with 
a density of 3.21 g/cm3 was used. The density of 
the FA is 2.42 g/cm3.

Natural sand was used as fine aggregates with a 
fineness modulus of 2.12.

Two-grade crushed gravels whose sizes were in 
the ranges of 5∼20 mm and 20∼40 mm respectively 
were used as coarse aggregates.

A naphthalene-based superplasticizer was intro-
duced to obtain fresh concrete with satisfying 
workability. Rosin-based air-entraining agent was 

used for air-entrained concrete and the actual air 
void content in the concrete specimens is 2.0%. 
The mixing proportions of the two series of con-
crete are shown in Table 1.

2.2 Testing procedures

A series of prismatic, cubic and cylindrical speci-
mens were produced for FT tests and mechani-
cal tests according to the Test code for hydraulic 
concrete (SL352-2006) of  China (China Institute 
of Water Resources and Hydropower Research, 
2006). After being cured for 90 d in the standard 
curing room, all the specimens were placed in 
rubber sleeves filled with water and kept in the 
chamber of the FT testing machine. Rapid freez-
ing and thawing methods were used and the reso-
nant frequency tests of the specimens at different 
FT cycles were done according to the Test code for 
hydraulic concrete (SL352-2006) (China Institute 
of Water Resources and Hydropower Research, 
2006), which is similar with Standard Test Method 
for Resistance of Concrete to Rapid Freezing and 
Thawing (ASTM C 666/C 666 M-03(2008)).

Mechanical tests were performed to get the com-
pressive strength, the splitting-t ensile strength of 
those specimens subjected to different FT cycles. 
The dimensions of the prismatic specimens for 
the compressive tests and axial tensile tests were 
15 cm × 15 cm × 15 cm and 10 cm × 10 cm × 55 cm, 
respectively. For the resonant frequency tests as well 
as the flexural tests the specimen dimensions were 
10 cm × 10 cm × 40 cm. polymer latex significantly 
reduces the brittleness of concrete, and has a higher 
ratio of tensile strength and compressive strength.

2.3 Freezing-thawing and mechanical test results

FT damage degree is proposed to describe the 
deteriorating extent of FT cycles to concrete and it 
is calculated by the following formula,

D
E
EFTD = −1

0EE
′

where DFT is the FT damage degree, E0 is the initial 
dynamic modulus of elasticity of concrete and E′ 

Table 1. Concrete mix proportions.

W/C

FA 
ratio
(%)

Sand 
ratio
(%)

Additives (%) (kg/m3)

Super-
plasticizer

Air-entraining 
agent Water Cement FA Sand

Aggregate

5∼20 mm 20∼40 mm

0.52 25 34 0.65 0.0095 136 196 66 674 664 667
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is the dynamic modulus of elasticity of concrete 
suffered certain FT cycles.

The relative dynamic modulus of elasticity and 
FT damage degree of the concrete specimens at 
different FT cycles are shown in Figure 1. It can 
be seen from Figure 1 that the relative dynamic 
modulus of elasticity decreases while the FT dam-
age degree increases with the increase of FT cycles. 
the FT damage degree increases gradually to over 
0.40 at 325 FT cycles.

Table 2 shows the FT damage degree, the rela-
tive compressive strength, the relative tensile split-
ting strength and the static modulus of elasticity 
of the concrete specimens F52 suffered different 
FT cycles. The relative mechanical properties are 
calculated by dividing the mechanical properties of 
concrete specimens suffered certain FT cycles by 
those specimens cured for 90 d.

It can be seen from Table 2 that the relative 
compressive strength, the relative tensile splitting 
strength and the static modulus of elasticity of the 
two series of concrete decrease with the increase of 
the FT cycles. For concrete F52 the decrease in 
mechanical strength is much larger. At the FT 
cycle 325, the relative compressive strength, the 

relative splitting tensile strength and the relative 
static modulus of elasticity are 0.54, 0.14 and 0.32, 
respectively. It indicates that for concrete F52, the 
splitting tensile strength and the modulus of elas-
ticity are more sensitive to FT damage than the 
compressive strength.

3 QUANTITATIVE MICROCRACK 
ANALYSIS

3.1 Specimen preparation

Fluorescent epoxy vacuum-impregnation method 
is used since it has little influence on the original 
microcrack patterns in concrete.

The concrete specimens for microscopic 
 analysis were prepared by fluorescent epoxy 
vacuum- impregnation method in the following 
procedures:

a. Two slices of 15 mm to 20 mm thickness were 
cut from the middle parts of each 10 cm × 10 cm 
× 40 cm prismatic specimen (to reduce the effects 
of both ends on microcrack patterns) which had 
been tested for resonant frequency at different 
FT cycles.

b. The surfaces of the slices were ground and 
 polished using a grinder to obtain a smooth flat 
surface.

c. The smooth surfaces were rinsed with water at low 
and high speeds to remove any leftover debris.

d. The slices were dried in an oven at a  temperature 
of 40∼50°C for 24 h.

e. The slices were placed in a plastic container and 
evacuated for at least 1 h at a constant pressure 
of 1 kPa in a vacuum chamber.

f. The plastic container inside the vacuum  chamber 
was then filled with the epoxy resin containing 
fluorescent dye while maintaining the vacuum.

g. Finally, the slices were taken out from the vac-
uum chamber and from the plastic container, and 
then slightly ground to remove the excess epoxy 
on the surfaces once the epoxy was hardened.

Figure 1. Relative dynamic modulus of elasticity and FT 
damage degree of concrete at different freezing- thawing 
cycles.

Table 2. Mechanical strength of concrete F52 at different FT cycles.

F52-0 F52-25 F52-175 F52-275 F52-325

FT cycles 0 25 175 275 325
Relative dynamic modulus of elasticity (%) 100 89 80 62 60
FT damage degree, DFT 0.00 0.11 0.20 0.38 0.40
Compressive strength (MPa) 41.2 37.6 33.2 25.8 22.3
Relative compressive strength 1.00 0.91 0.81 0.63 0.54
Splitting tensile strength (MPa) 3.09 2.83 2.23 1.01 0.43
Relative splitting tensile strength 1.00 0.92 0.72 0.33 0.14
Static modulus of elasticity 38.52 33.2 25.01 15.36 12.15
Relative static modulus of elasticity 1.00 0.86 0.65 0.40 0.32
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Quantitative microcrack analyses were  performed 
by an Automated Panoramic  Fluorescent Micro-
scope (APFM) on those slices cut from the speci-
mens tested for resonant frequencies at  specified 
FT cycles (0, 25, 175, 275 and 325).  Typical images 
of these slices are shown in Figure 2.

3.2 Automated panoramic fluorescent microscope

Besides specimen preparation, reliable  quantitative 
analysis of microcracks requires acquisition, 
processing, and analysis of the microcrack images 
in the concrete slices. An automated panoramic flu-
orescent microscope was designed and  developed to 
get a panoramic image of the microcrack  pattern 
in the concrete automatically.

Once the microscopic specimen (the impregnated 
and polished concrete slice) is put on the stage, the 
stage will automatically move in two directions in 
the range of 10 cm × 10 cm and microscopic image 
will be taken every step and stored in the computer. 
To get clear images the camera can be moved along 
the z-direction every m step (m is set in advance 
and is usually 2∼5). More than 4000 images will be 
obtained for a slice with an area of 10*10 cm and 
the images can be mosaicked into one panoramic 
view automatically by DIP technique. The speci-
mens are scanned automatically on the stage at a 
magnification of 40× which was sufficient to detect 
microcracks as thin as 2 μm in width.

Typical panoramic images of some of the slices 
are shown in Figure 3. It should be noted that 
only 2 cm*2 cm representative regions from the 
panoramic images are shown in Figure 3 to make 
the microcracks more clearly. It can be seen from 
 Figure 3(a)∼(c) that for concrete slice F52-0 (con-
crete without FT cycles), only a few  microcracks are 

observed. For concrete slices  F52-175 and  F52-325 
(suffered 175 and 325 FT cycles,  respectively), 
more microcracks can be observed.

3.3 Quantitative analysis system of microcracks 
in concrete

A MATLAB-based software package called 
 QUANSMIC (QUantitative ANalysis System of 
MIcrocracks in Concrete) was developed to acquire 
the geometrical characteristics of microcrack patterns. 
It includes four modules, namely image-binarizing 
module, shape- analyzing module, crack-skeletoniz-
ing module and  automatic-measuring module.

Figure 2. Typical slices from concrete suffered different 
FT cycles. (From left to right: F52-0, F52-25, F52-175 
(the first row), F52-275, F52-325 (the second row), the 
numbers means FT cycles).

Figure 3. Typical panoramic images of different slices, 
microcracks are highlighted in circles.
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The original colour microscopic images contain-
ing microcracks are firstly converted into greyscale 
images, and then the microcracks are recognized 
and extracted by the image-binarizing module. 
Noises and voids are distinguished from the micro-
cracks and deleted by the shape- analyzing module 
and then the preserved microcracks are skeletonized 
by the crack-skeletonizing module. Finally the geo-
metrical characteristics such as area, length and 
average width of the microcracks are measured and 
calculated by the automatic-measuring module.

The precision of QUANSMIC was validated with 
several ordered specimens with shapes of known 
sizes and the comparisons showed that  QUANSMIC 
has a high accuracy. Details about QUANSMIC are 
introduced in ref (Li et al, 2013, 2014).

4 QUANTITATIVE MICROCRACK 
ANALYSES OF FT-DAMAGED 
CONCRETE

Six microcrack characteristic parameters, namely 
the total length, length density, total area, area den-
sity, maximum width and average width are calcu-
lated by QUANSMIC to quantify the microcrack 
patterns in concrete specimens subjected to differ-
ent FT degrees. They are calculated as follows:

Total length—sum of the microcrack lengths on all 
the microscopic images,

Length density—ratio of the total length to the 
observing area,

Total area—sum of the microcrack areas on all the 
microscopic images,

Area density—percentage of the area of the micro-
cracks to observing area,

Average width—total area divided by the total 
length,

Maximum width—the maximum value of all the 
average microcrack widths.

4.1 Microcrack characteristics 
at different FT cycles

The length density, the area density, the average 
width and maximum width of matrix cracks of the 

concrete slices at different FT cycles are shown in 
Table 3. It can be seen from Table 3 that both the 
length density and the area density increase with 
the increase of the FT cycles. It can also be seen 
from Table 3 that for the concrete specimens with 
zero FT cycle (without any deterioration), either 
the length density or the area density of matrix 
cracks is at a very low level. It indicates that a few 
initial microcracks could be found in the undam-
aged concrete before any loading or deterioration. 
They are perhaps caused by mortar shrinkage 
because of the cement hydration, or resulted from 
the cutting and drying procedures in the process-
ing process. Further study needs to be done to find 
which the exact reason is.

It can also be seen from Table 3 that both the 
maximum width and the average width of microc-
racks increase with the increase of the FT cycles. It 
indicates that as the FT cycles increase many new 
microcracks are emerging while the existing micro-
cracks are becoming wider and wider.

4.2 Relationships between the mechanical 
properties of FT damaged concrete and the 
microcrack characteristics

Relationships between the relative compressive 
strength, the relative splitting-tensile strength and 
the static modulus of elasticity and the average 
length density are shown in Figure 4. The average 
length density is averaged value of two slices.

It can be seen from Figure 4 that very good 
quadratic correlations can be established between 
the relative mechanical properties and the average 
length density. All the squares of the correlation 
coefficients are higher than 0.97. It can also be 
seen from Figure 4 that the relative compressive 
strength is less sensitive to the microcrack density 
than the relative splitting-tensile strength and the 
static modulus of elasticity.

Relationship between the FT damage degree 
and the microcrack density is shown in Figure 5. 
It can be seen from Figure 5 that very good lin-
ear correlation can be established between the FT 
damage degree and the microcrack density.

As seen from the above results and analyses, 
the decreases in the mechanical properties of 

Table 3. Microcrack characteristics of concrete F52 at different FT cycles.

F52-0 F52-25 F52-175 F52-275 F52-325

FT cycles 0 25 175 275 325
Length density (mm/mm2) 0.0008 0.031 0.04 0.07 0.072
Area density (%) 0.0015 0.061 0.052 0.115 0.132
Average width (μm) 16.2 17.8 17.9 18.2 19.3
Maximum width (μm) 16.3 22.1 23.6 24.9 31.6
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Figure 4. Relationships between the relative mechanical strength and the average length density.

Figure 5. Relationships between the FT damage degree and the average length density.

 FT-deteriorated concrete have strong correlations 
with the microcrack density. This indicates that 
instead of mechanical tests and non-destructive 
tests to measure the resonance frequency or the 
ultrasonic velocity, microcrack density obtained 
by quantitative microcrack analysis could be devel-
oped as a new tool to quantitatively evaluate the 
damage in concrete.

5 CONCLUSION

A thorough investigation based on APFL and 
DIP techniques was made on the development 
of microcrack patterns in slices cut from concrete 
specimens suffered different FT cycles. The follow-
ing conclusions can be drawn from the results and 
analysis above.

ICCRRR15_Fullpaper_Book.indb   200ICCRRR15_Fullpaper_Book.indb   200 8/27/2015   9:10:20 AM8/27/2015   9:10:20 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-28&iName=master.img-003.jpg&w=368&h=225
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-28&iName=master.img-004.jpg&w=302&h=189


201

a. The length density, area density, maximum 
width and average width of microcracks in con-
crete all increase with the increase of FT dam-
age degree.

b. Quadratic correlations are established between 
the relative mechanical properties (including 
the relative compressive strength, the relative 
axial splitting-tensile strength and the static 
elastic modulus) and the average microcrack 
length density. All the correlation coefficients 
are higher than 0.97, indicating that microcrack 
density could be used to evaluate FT damage in 
concrete.
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Modelling the service life of concrete until cover cracking 
due to reinforcement corrosion
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VTT Technical Research Centre of Finland Ltd., Espoo, Finland

ABSTRACT: The service life design of reinforced concrete structures requires material models capable 
of reliably describing both mechanisms of damage and the general progression of damage over time. 
However, most models that are currently being used only capture the process of carbonation and chlo-
ride penetration into the uncracked concrete that is at the initial phase of degradation. Typically, these 
models disregard the actual damage, i.e. the corrosion of the reinforcing steel. As a result, the service life 
design established to date only considers the end of the initiation phase of the degradation process, i.e. 
the onset of damage (time of depassivation or onset of corrosion) as a critical limit state. The corrosion 
of the reinforcement and its consequences, i.e. the crack formation and spalling of concrete, are not con-
sidered, which may lead to a substantially shorter estimated service life of the structures. Comprehensive 
investigations were recently undertaken on the depassivation of steel reinforcement and on crack forma-
tion in concrete which have resulted in an analytical model for corrosion-induced cracking occurring in 
the surface zones of structural components. This paper presents a holistic approach in which two models 
used for determining the time to depassivation (initiation phase) and the time to cover cracking as a 
result of reinforcement corrosion (propagation phase) are combined. An example is provided of a semi-
infinite reinforced concrete wall which has been designed for the serviceability limit state of concrete cover 
cracking.

consequences, i.e. the crack formation and spalling 
of concrete, are not considered, which may lead to 
a substantially shorter estimated service life of the 
structures. There are two distinct phases in the cor-
rosion induced deterioration process of concrete 
(see Fig. 1).

The first phase (initiation) is defined as the 
time necessary for chloride ions to reach a critical 

1 INTRODUCTION

Reinforced Concrete Structures (RCS) are subject 
to constant deterioration limiting their service life. 
The service life prediction of deteriorating struc-
tures is affected by the uncertainties associated 
with material properties, mechanical and environ-
mental loads, damage occurrence and propagation 
models (Kim et al. 2013). Therefore, estimation of 
service life requires probabilistic models and meth-
ods to account for the uncertainties that govern the 
deterioration processes.

The service life design of reinforced concrete 
structures requires material models capable of reli-
ably describing both mechanisms of damage and 
the general progression of damage over time. How-
ever, most models that are currently being used 
only capture the process of carbonation and chlo-
ride penetration into the uncracked concrete that is 
at the initial phase of degradation. Typically, these 
models disregard the actual damage, i.e. the corro-
sion of the reinforcing steel. As a result, the serv-
ice life design established to date only considers 
the end of the initiation phase of the degradation 
process, i.e. the onset of damage (time of depas-
sivation or onset of corrosion) as a critical limit 
state. The corrosion of the reinforcement and its 

Figure 1. Schematic representation of steel corrosion in 
concrete (Tuutti 1982).
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 concentration at the depth of the reinforcement to 
cause its depassivation. Typically diffusion controls 
the process. This instant is defined as corrosion ini-
tiation. The second phase (propagation) is defined 
as the period of time that follows the initiation of 
corrosion. It can be separated in different deterio-
ration phases, of which the first is cracking of con-
crete cover. Typically corrosion rate controls the 
process at the outset. After the appearance of the 
first crack, the continuous volume expansion due 
to rust formation as a consequence of the proceed-
ing corrosion leads to crack propagation resulting 
in the spalling of the concrete cover.

In practice, it has been observed that time 
dependent reliability models do not consider the 
causational relationship between serviceability limit 
states, dealing with each limit state independently. 
As an example, corrosion initiation and propagation 
are usually dealt with independently, ignoring the 
dependency between them. Commonly the propa-
gation phase is ignored, i.e. considered to be on the 
safe side (conservative approach). This might stem 
from the lack of models, and confidence in models 
for this phase. As a consequence, design decisions 
based upon independent time-dependent reliability 
models will not produce optimal outcomes.

Comprehensive investigations were recently 
undertaken on the depassivation of steel reinforce-
ment and on crack formation in concrete which 
have resulted in an analytical model for corrosion 
induced cracking occurring in the surface zones of 
structural components (Bohner 2013).

An attempt to bridge this gap is made with a 
basic methodology for the probabilistic determi-
nation of service life, combining both corrosion 
initiation and propagation phase models. The 
approach takes into account the time dependency 
of the individual phenomena, and the relationship 
between both phases.

The quantitative prediction of the time to 
cracking is needed in the development of a holis-
tic deterioration model for the prediction of serv-
ice life. A probabilistic methodology is presented 
based on theoretical physical models for corrosion 
initiation and time from corrosion initiation to 
cracking of the concrete cover (time-to-cracking), 
and the causational relationship between them, i.e. 
time-to-cracking depends on the time to corrosion 
initiation. Based on the methodology, it is dem-
onstrated how the models influence the estimated 
time to corrosion cracking considering both deteri-
oration mechanisms involved. This approach helps 
to improve the prediction of durability for new or 
to define optimal repair strategies for existing con-
crete structures. The time from corrosion initiation 
to cracking of the concrete cover is a critical period 
for modelling the time to repair, rehabilitate, and 
replace RCS.

This paper presents a probabilistic design pro-
cedure which combines the calculation of two 
independent limit states for concrete deteriora-
tion: chloride induced corrosion initiation, and 
corrosion induced cracking of concrete. By com-
bining the limit states, the outcome of the service 
life calculation is the probability of time to corro-
sion induced cracking, at any time starting after 
construction.

2 RELIABILITY ANALYSIS

2.1 Basic reliability analysis

In general, engineering design consists of  pro-
portioning the elements of  a RCS so that it sat-
isfies various criteria of  performance, safety, 
serviceability, and durability under various 
 loadings. A reliability analysis can be used to cal-
culate the probability of  failure of  a limit state at 
any instant in time during the RCS’s service life. 
The objective of  durability design is to keep the 
probability of  failure throughout the service life 
period below a certain requirement that depends 
on the consequences of  failure. The limit state 
defines the conditions beyond which a specified 
requirement for a structure (or component) is no 
longer met for a certain degree of  reliability (ISO/
FDIS 16204:2012). Limit states are represented 
by the limit state equations, generally of  the form 
g(x) = 0. A limit state violation (or failure) occurs 
when an undesirable condition for the structure 
is reached. The probability of  occurrence of  a 
limit state violation is a numerical measure of 
the chances of  its occurrence, based on long term 
observations or subjective estimates.

The basic reliability problem considers only 
one load effect S resisted by one resistance R. 
Both R and S are described by known Prob-
ability Density Functions (PDF), fR(r) and fS(s) 
respectively, where any uncertainty concerning a 
variable is explicitly taken into account. For con-
venience, it is considered R and S are not func-
tions of  time. If  R and S have known PDF’s fR(r) 
and fS(s) respectively, and are expressed in the 
same units, then

p Pf P ( )R SR ≤ { }g ( )S( )P) {g ( )R S ≤o  (1)

where g(x) is termed the limit state function, and 
the probability of failure is synonymous to the 
probability of limit state violation. The probability 
of failure of the joint (bivariate) density fRS(r, s) is 
given by

f dr ddd sddf RP ff S
D

PP ( )R SR SRR ≤ ( )r s∫∫∫∫ fff) = r∫∫ .  (2)
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If R and S are independent, then

f f fRSff R Sff fffRff( )r s,s ( )rrr ( )s  (3)

which leads to

p P f f dr dsf RP ff Sff
s r

PP ( )R SR SRR ≤ ( )r ( )s
−∞

≥

−∞

∞

∫∫∫∫ .fff )r) = ∫∫ .  (4)

For a random variable X, the cumulative distri-
bution function is given by

F P f dydXffXFF
x

( )xx = PP ( )X xx≤XX ( )y
−∞
∫  (5)

If  R and S are independent, and if  x ≤ y, the 
solution of the probability of failure for bivariate 
density functions can be written in a single integral 
form known as the convolution integral:

p P f dxf RP SffPP ( )R SR SRR ≤ ( ) ( )x
−∞

∞

∫∫ .FRFF ( )x) = ∫  (6)

FR(x) is the probability R ≤ x of  the probability 
that the actual resistance R of  the member is less 
than some value x, representing failure. The term 
fS(x) represents the probability that the load effect 
S acting on the element has a value between x and 
x + Δx in the limit as Δx → 0. By calculating the 
integral over all x, the total failure probability is 
obtained. This is schematically shown in Figure 2.

A reliability analysis can be performed by 
numerical integration, Monte Carlo simulation, 
or using approximate methods such as First Order 
and Second Order Reliability Methods (FORM/
SORM). The numerical integration was not pre-
ferred in this case because of the large dimension 
and the complexity of this problem.

The reliability analysis in this study was per-
formed using Monte Carlo simulation. Even for 
the computing of small probabilities, the devel-
opment of variance reduction techniques such as 
importance sampling (Thoft-Christensen & Baker 
1982), and the evolution of computing power has 
reduced dramatically this once time consuming 
process. The theoretical description of this method 
is given in many references (Rubinstein 1981, 
CSEP 1995).

2.2 Reliability analysis—combination 
of two limit states

A methodology is presented which contributes to 
the development of  reliability-based approaches 
for the durability design and service life predic-
tion of  RCS that combines the probabilistic 
determination of  two limit states (corrosion ini-
tiation and corrosion induced cracking) in a sin-
gle analysis, thus removing the need for one of  the 
limit states.

By combining initiation with propagation 
until cracking, the combined service life covers 
the period from t = 0 until the time for the first 
crack with a width of a minimum of 0.05 mm to 
appear on the surface of the concrete. The com-
bination includes both the processes described in 
Sections 3.2 and 3.3.

Assuming that corrosion is initiated at some 
time τ, for cracking to take place at time t the 
corrosion process has to have a duration of t −τ . 
Consequently, the combined probability distribu-
tion of the time of cracking is

f t f t T f di pff p if tf iff)t |tt (fiff )= ff tt
−∞

∞

∫ TTT| τ τd))  (7)

where fi,p = probability of failure; fp(t) = PDF of the 
propagation model; and fi(t) = PDF of the initia-
tion model.

The start of corrosion propagation process 
depends on the corrosion initiation process, how-
ever the mechanisms that describe each of these 
processes are independent of each other. Therefore 
the modelling and computation of this distribu-
tion can be simplified by replacing the conditional 
PDF with corresponding marginal probability 
distribution:

f t f t f di pff p if tf ff)t )ttff≈ tt
−∞

∞
∫ fff)) τ  (8)

The model assumes chloride ingress starts at the 
time of construction (t = 0), and that the corrosion 
process starts when chloride has reached a critical 

Figure 2. Basic R-S problem: FR(x).fS(x) representation 
(Naess 1995).
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threshold value at the depth of the reinforcement. 
Consequently,

f t f tp if tf ff)tt )t)t= =fff )t ∀0 0t∀ <t  (9)

allowing the integration interval to be shortened.
For t ≥ 0

f t f t f di pff p if tf ff
t

)t )ttff≈ tt∫ fff)) τ
0

 (10)

A consequence of this approach is that there is 
no need to establish a limit state requirement for 
corrosion initiation, and another for cracking. 
By combining the calculations, only one require-
ment for the outcome of both needs to be defined. 
Furthermore, the uncertainties related to both 
processes, as modelled in the PDF’s, are properly 
combined.

3 DETERIORATION MODELS

A reliability analysis begins with the formulation 
of a limit state function, which represents the per-
formance of a structure or an element, in terms of 
a number of basic random variables. The model 
parameters are characterised by PDFs. Even the 
uncertainties associated with the model and the 
tests used should typically be considered. It is an 
assumption that the models for corrosion initia-
tion and propagation are sufficiently validated in 
order to provide realistic and representative results. 
Conformity is checked by verifying that the speci-
fied reliability is unsurpassed in the verification of 
the limit state function over the service life of the 
structure.

The limit state function for time to corrosion 
initiation is defined by:

g ti ct rit(xx ) CcC rit ( ),( ) 0C CcC rit )t,x >  (11)

where gi (x, t) = limit state function for corrosion 
initiation; Ccrit = critical chloride content leading to 
depassivation [%/weight of cement or concrete]; 
and C (x, t) = chloride concentration at depth x 
and time t [%/weight of cement or concrete]; and 
described in section 3.1.

The limit state function for time to corrosion 
induced concrete cracking is given by:

tp cg t rack corr( ,xx ) ( ) ( )corr0 0rcrr rack corrrr( )t ( )tcorr >rcrr rack ( )t  (12)

where gp (x, t) = limit state function for corrosion 
induced concrete cracking; Δrcorr = increase of 
rebar radius due to corrosion [mm]; Δrcrack = critical 

increase of rebar radius due to corrosion at time of 
cracking [mm]; tcorr = time of corrosion [years]; and 
described in section 3.1.

3.1 Limit state requirements

Designers must define the criteria for which the 
limit state is evaluated. There is still considerable 
debate as to what are the appropriate values for 
durability related limit states. With regards to rein-
forcement corrosion, this is in part due to the dif-
ficulty in practice to define a precise instant when 
corrosion actually starts. Values based on experi-
ence or set by conventions are required.

When defining the requirement for probability 
of failure (or reliability index—β), the criteria that 
should be taken into account are: the type of limit 
state (initiation of deterioration, SLS or ULS); the 
service life for new structures or reference period 
for existing structures; the consequences of failure; 
and, the cost of safety measures. Typical values 
suggested for structural design for pf/β are for a 
period of 50 years 0.0667/1.5 for a serviceability 
limit states, and ≈ 10−4/3.8 for ultimate limit states.

In the fib Model Code for Service Life Design 
(2006), β = 1.3 is presented as a “recommended 
minimum value” for exposure class XS independ-
ent of the RC of the structure. According to the 
LNEC E-465 (2007), the reliability index varies 
according to the RC from 1.2 to 2.0 for the RC1 
and RC3 class, respectively. These β-values cor-
respond to failure probabilities of approximately 
12% and 2%, respectively. There is yet no consen-
sus as to which should be the appropriate values 
for the reliability index, when considering limit 
states associated with durability (Gulikers 2006, 
Ferreira & Gulikers 2007).

3.2 Time to corrosion initiation

The model is based on the fib Model Code for Serv-
ice Life Design (2006) approach, which is based 
on the classical solution of Fick’s second law with 
semi-infinite boundary and constant surface con-
centration. This model includes a time dependent 
apparent diffusion coefficient.

C t C erfr
c

D tapD
( ,x ) +C ( )C CS ⋅ −

⎛

⎝
⎜
⎛⎛

⎜⎝⎝
⎜⎜

⎞

⎠
⎟
⎞⎞

⎟⎠⎠
⎟⎟0CC +CC (C CCSC 1

2
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 (14)

where C0 = initial chloride concentration in 
the concrete [%/weight of cement or concrete]; 
CS = surface chloride concentration [%/weight of 
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cement or concrete]; c = concrete cover depth [mm]; 
Dap = apparent diffusion coefficient [m2/s]; D0 = dif-
fusion coefficient at t0 [m2/s]; α = ageing factor of 
diffusion coefficient [−]; t0 = reference time [years]; 
t = life time [years]; treal = temperature of the water/
air in contact with concrete [K]; tref = reference tem-
perature [K]; be = Arrhenius slope [−]; kt = transfer 
parameter [−].

Although widely used, the model has not have 
been calibrated for periods longer than 30 years 
and has several limitations and sources of uncer-
tainty (Gulikers 2006). Equation 13 provides 
an estimate of the chloride profile for a specific 
period of exposure time. It is applicable for 1-D 
situations, and not suitable for small columns and 
beams, especially in the regions near the edges. The 
model also includes a number of implicit assump-
tions: exposure to chloride starts at t = 0, i.e. imme-
diately after casting; Cs is constant over time; and 
Dap varies with time and temperature only, until 
t = ∞ according to Equation 14.

3.3 Time from corrosion initiation 
to concrete cracking

In order to describe the action S, which represents 
the propagation of corrosion, the increase of rein-
forcement bar (rebar) radius Δrcorr has to be defined. 
This increase is dependent on the time of corrosion 
and results from the reduction of the reinforcement 
bar radius due to corrosion in combination with 
the expansion of the occurred corrosion products 
(Eq. 15). The reduction of the rebar radius is based 
on the corrosion rate x.corr. The corrosion rate can 
be either determined experimentally or it can be 
calculated by means of models, such as that of 
Osterminski & Schießl (2011). The expansion fac-
tor, also known as volume ratio λ, is calculated by 
the quotient of the volume of rust and the volume 
of the steel (Bohner & Müller 2012).

Δr t x dcorrrr corr corr pord( )tcorr = t ( )tcorr ( ) ( )tcorr�

 (15)

where Δrcorr = increase of rebar radius due to cor-
rosion [mm]; x.corr = corrosion rate [mm/a]; λ = vol-
ume ratio [−]; dpor = function to take account of rust 
migration into concrete pores [mm].

Experimental investigations have shown that 
the initial radius increase of the corroding rebar 
is weakened by the migration of corrosion prod-
ucts into the surrounding voids and pores of the 
concrete. This results in a time delay of the devel-
opment of corrosion induced stresses. Stress levels 
that are able to cause concrete cracking occur not 
until a certain saturation of the pores in the transi-
tion zone around the steel surface has taken place. 

By means of a continuous function (Eq. 16), which 
was derived based on physical considerations, the 
migration of rust into the concrete pores can be 
considered as:

d p d
x

p d
tpord tzdd corr

tzdd corr( )tcorr = p ⋅
( )tcorr ⋅ ( )−

⋅
⎛

⎝⎜
⎛⎛

⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
tanh

�

 (16)

where p = porosity of the transition zone acces-
sible for corrosion products [−], valid 0 ≤ p < 1; 
dtz = thickness of the transition zone accessible for 
corrosion products [mm].

The action S (increase of rebar radius due to 
corrosion) encounters a resistance R (see Fig. 3) 
that derives from the concrete surrounding the 
rebar. It can be defined as the critical increase of 
rebar radius due to corrosion at the time of crack-
ing (see Eq. 17). This threshold value depends on 
concrete age, concrete properties, size and shape of 
rebar and concrete cover thickness. Its derivation is 
based on the linear elastic theory for a thick-walled 
cylinder assuming linear viscoelastic behaviour of 
the concrete (Bohner 2013):

Δr
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⎞
⎠⎟
⎞⎞
⎠⎠

⋅ ⋅2 k k⋅ knonlink locak l μ  (17)

where Δrcrack = critical increase of rebar radius due 
to corrosion at time of cracking [mm]; t = concrete 

Figure 3. Schematic representation of the time depend-
ent increase of reinforcement bar radius due to corrosion 
Δrcorr (loading S), the critical reinforcement bar radius at 
the time of cracking Δrcrack (resistance R) and the result-
ing failure probability (Bohner 2013).
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age [a]; fct = tensile strength of concrete [MPa]; 
Ec,eff,D = effective modulus of elasticity of concrete 
[MPa] (influence of creep, relaxation and degrada-
tion, see Müller & Kvitsel 2002); ν = Poisson’s ratio 
of concrete [−]; ds = rebar diameter [mm]; c = con-
crete cover [mm]; knonlin = factor for consideration of 
plasticity and cracking of concrete [−]; klocal = fac-
tor for consideration of a localisation of corrosion 
(pitting corrosion) [−]; kμ = factor for consideration 
of percentage of reinforcement [−].

The model assumes that the corrosion instantly 
appears as uniform corrosion, covering the entire 
circumference of the reinforcement bar. A distinct 
pitting corrosion can be taken into account by 
assigning a value to the factor klocal. The complex 
time-dependent stress-induced deformation behav-
iour of concrete and its characteristic tension sof-
tening during cracking have a significant influence 
on the duration of the deterioration process. They 
are considered based on simplifying or adjunct 
functions, as e.g. the effective modulus of elastic-
ity for concrete creep or the factor knonlin for taking 
into account the quasi-brittle cracking behaviour 
of concrete. For a detailed discussion of Equa-
tion 15–17 and further information on the factors 
knonlin, klocal and kμ including the development of 
the model based on elastic theory for a thick-wall 
cylinder and its verification with experiments, see 
Bohner (2013).

4 RELIABILITY ANALYSIS—EXAMPLE

4.1 Parameter distribution and values

In the following example, a hypothetical semi-
infinite reinforced concrete wall located in a XS3 
environment (tidal/splash zone) according to the 
EN 206-1 (2006) is considered. This scenario ena-
bles the use of a 1-D analysis and diffusion being 
the main form of chloride transport in the concrete 
(convection zone not considered in this study).

To illustrate the procedure described in Sec-
tion 2.2, service life calculations have been per-
formed considering two distinct concrete qualities: 
a CEM I 42.5 N with w/b ratio 0.50, and a CEM 
III/A 42.5 R with w/b ratio 0.55. Both concretes 
have similar mechanical performance, but differ 
significantly from a chloride ingress perspective, 
where CEM III out performs CEM I. For each 
parameter, distribution type and values used are 
presented in Table 1 for the corrosion initiation 
model.

For the corrosion propagation model, two dis-
tinct corrosion rates were chosen to simulate a 
“fast” (3.0 μA/cm2) and a “slow” corrosion proc-
ess (0.3 μA/cm2). Corrosion rate is defined by a 
lognormal distribution (CoV = 0.3) with an aver-
age value of 0.0035 mm/year and 0.035 mm/year 

Table 1. Parameter values/distributions for time to cor-
rosion initiation calculation.

Parameter Units CEM I CEM III

Ccrit %/wt.c B[0.6, 0.15, 0.2, 2]
C0 %/wt.c N[0.10, 0.005]
CS %/wt.c LN[2.50, 0.75]
c mm LN[55.0, 10.0]
DRCM,0 10−12 ⋅ m2/s LN[12.0, 4.8] LN[4.5, 1.8]
kt – C[1.0]
be K N[4800, 500]
Tref °C C[20.0]
Treal °C C[20.0]
n – B[0.3, 0.06,

0.0, 1.0]
B[0.45, 0.09,

0.0, 1.0]
t0 Years C[0.0767]

Distribution types: LN—lognormal; N—Normal; B— 
Beta; C—Constant.

Table 2. Parameter values/distributions for time from 
corrosion initiation to concrete cracking calculation.

Parameter Units CEM I CEM III

λ – C[2.1]
p – N[0.14, 0.02] N[0.16, 0.02]
dtz mm LN[0.18, 0.05] LN[0.20, 0.05]
ds mm C[16.0]
c mm LN[55.0, 10.0]
fct(t) MPa N[3.10, 0.31] N[2.90, 0.29]
Ec MPa N[29300, 2000] N[28300, 2000]
v – C[0.20]
knonlin – C[2.3]
klocal – C[0.70]
km – C[1.0]
D – C[0.0]
ϕ – C[0.70]
ρ – C[0.80]

Distribution types: LN—lognormal; N—Normal; C 
—Constant.

for “slow” and “fast” corrosion, respectively. The 
remaining parameters are presented in Table 2.

4.2 Results and discussion

The calculation of the limit states for both individual 
models was performed with a direct Monte Carlo 
simulation based on 5000 determinations for each 
time step. The results are presented in  Figure 4a for 
corrosion initiation and in Figure 4b for corrosion 
propagation, for both “fast” and “slow” corrosion.

The probability density function in Equation 10 
was computed with trapezoidal numerical quad-
rature, as described by Stoer & Bulirsch (1980). 
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The results are presented in Figure 5a for corrosion 
initiation combined with “fast” corrosion propaga-
tion, and in Figure 5b for corrosion initiation com-
bined with “slow” corrosion propagation.

The service life obtained by combining the two 
individual service life calculations depends on both 
the quality of concrete and the corrosion rate. 
However, the quality of concrete, mostly determin-
ing the time to corrosion initiation, dominates as 
it is the precursor for the corrosion propagation 
phase.

Assuming a 10% probability for the limit state 
failure for corrosion initiation, it is normal to 
expect that the probability for the limit state failure 
for corrosion propagation should be lower since 
the consequences are more severe, and already 
damage inducing. The combination of both limit 
states should then be judged by the requirement for 
the second limit state since it is the phenomenon 
being observed, i.e. first cracking. A value of 7% is 

assumed for the limit state for corrosion propaga-
tion, for the sake of the following analyses.

If  considering a “slow” corrosion (see  Fig. 5b), 
the combination of the two limit states leads to 
an extension of the overall service life of the RCS 
of approx. 18 years, when compared with the 
limit state for corrosion initiation. If  consider-
ing a “fast” corrosion rate (see Fig. 5a), an exten-
sion of 2 to 3 years in the service life is observed 
for a CEM I concrete. However, for the CEM III 
concrete, the combination of the two limit states 
results in a reduction of the overall service life of 
the RCS from 40 to 35 years.

This result seems contradictory because the 
overall service life is shortened when compared 
with the service life of corrosion initiation. The 
calculation of the combined service life takes into 
account the probability of each limit state occur-
ring simultaneously, which normal service life 
calculations cannot account for. For a traditional 

Figure 4. Probability of limit state failure for corrosion initiation (a), and corrosion propagation (b). Both CEM I 
and CEM III concretes are shown, as well as “fast” and “slow” corrosion processes.

Figure 5. Probability of limit state failure for corrosion initiation and for corrosion initiation combined with cor-
rosion propagation. In (a) the corrosion rate of the propagation model is “fast”, and in (b) the corrosion rate of the 
propagation model is “slow”.
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service life calculation, the limit state of propaga-
tion is always an extension of the limit state of cor-
rosion initiation.

These results show that the choice of evaluation 
criteria for the limit state for corrosion initiation 
or for propagation cannot be chosen arbitrarily. It 
would be expected that a limit state for propaga-
tion results in an extension of the limit state of cor-
rosion initiation. This raises questions regarding 
what are the values that should be used. Could the 
criteria differ based on the type of structural part, 
type and quality of concrete and environmental 
conditions?

Cairns & Law (2003) suggest that the limit state 
for propagation could be identical to that of the 
initiation because the appearance of the first crack 
does not affect the mechanical performance of the 
RCS. In this case, a combination of limit states 
would always result in an extension of the service 
life of the RCS.

There is currently not enough background 
information to understand the consequences of 
certain values, and while many values are being put 
forward based on those used in structural design 
they do not necessarily represent adequately the 
complexity of the deterioration mechanism and 
the economic consequences of limit state failure. 
However, the choice of limit state requirement is 
still relatively subjective. Could a lower reliability 
(higher probability of limit state failure) for crack-
ing be considered? While the benefits for the serv-
ice life design of new concrete structures, and for 
the remaining service life determination of existing 
structures, are apparent, the criteria by which the 
limit states are defined are not yet mature.

5 CONCLUSIONS

This paper presents a probabilistic design proce-
dure which combines the calculation of two inde-
pendent limit states for concrete deterioration: 
chloride induced corrosion initiation and corrosion 
induced cover cracking of concrete. By combining 
these two limit states, the outcome of the service 
life calculation is the probability of time to corro-
sion induced cracking, at any time starting after 
construction. The design procedure is exemplified 
with two qualities of concrete (CEM I and CEM 
III) and two corrosion rates (“slow” and “fast”).

This study quantifies the impact that the propa-
gation phase can have on the entire design service 
life of a RCS.

While in the past propagation models have had 
limitations (empirical nature, assumptions, simpli-
fications, difficult handling, etc.), which call into 
question the outcome of the modelling, now the 
certainty behind the modelling is renewed. This is 

based on a new analytical time-to-cracking model 
(Bohner 2013) that allows for a realistic and quan-
titative description as well as a reliable prediction 
of the evolution of the damage process.

As a consequence of the probabilistic design 
procedure, combining the limit states of corrosion 
initiation and propagation, there is a theoretical 
probability for cracking, starting already with the 
construction of the RCS.

The results show that the outcome of the com-
bined analysis depends on the criteria for limit 
state evaluation chosen for the service life deter-
mination. In the example presented, it is observed 
that the choice of a lower probability of failure 
for corrosion propagation than for corrosion ini-
tiation could result in a combined service life that 
is shorter than that determined only for corrosion 
initiation.

The difficulty in this analysis resides in the defi-
nition of the limit state requirement (reliability 
index or probability of limit state failure). There 
is currently not enough background information 
to understand the consequences of certain values, 
and while many values are being put forward based 
on those used in structural design they do not nec-
essarily represent adequately the complexity of the 
deterioration mechanism and the economic conse-
quences of limit state failure.

Despite the necessary discussion regarding the 
requirements for service life determination, this 
approach improves modelling for the entire service 
life of a structure, enabling cost savings possibilities 
through the avoidance of unnecessary repair costs 
by an optimised timing of the repair measures.
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A whole of life approach to concrete durability—the CIA concrete 
durability series
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BCRC, Perth, Australia

ABSTRACT: fib Model Code 2010 has introduced various methodologies for treating durability design 
as a whole of life requirement. The Concrete Institute of Australia (CIA) committee on durability has 
used the Model Code as a background for producing seven recommended practice notes that detail many 
of the requirements for ensuring durability is achieved by appropriate action from the planning stage 
through design, construction, maintenance, restoration to decommissioning. This paper shows how 
these various documents build to provide a whole of life durability approach. It covers deemed to satisfy 
requirements applicable to all concrete structure types based on standard input parameters for design 
life, reliability and exposure. The series includes details on project planning and good practice which 
if   followed will increase the likelihood that the specification, design detailing and construction will be 
optimal to achieving the developer and community expectations regarding the long term performance of 
concrete structures. Also included are methods for modelling, degradation over time and crack control 
design. Thus the series provides what is described as a unified durability design process.

 requirements (e.g. reliability required) but reasons 
for the differences are not given and the associated 
assessment methods not clearly stated. To some 
extent the concrete industries energy for contribut-
ing to development of durability codes is diluted 
through maintenance of the multitude of codes 
that address the same topic in variable ways.

For many concrete elements in mild exposures 
incorporating the proposed durability design proc-
esses may make little difference to construction 
requirements because existing code deemed to  satisfy 
provisions often provide adequate  performance. 
However, for elements in more severe exposures, 
guidelines that comprehensively detail how to assess 
owner’s needs, environmental exposures and mate-
rials requirements; how to specify performance or 
prescriptive materials properties; and how to ensure 
construction is appropriate to the design will provide 
structures that meet their durability requirements 
more consistently. The durability series provides the 
required guidelines in seven documents:

• Z7/01 Durability—Planning
• Z7/02 Durability—Exposure Classes
• Z7/03 Durability—Deemed to Comply 

Requirements
• Z7/04 Durability—Good Practice Through 

Design, Concrete Supply and Construction
• Z7/05 Durability—Modelling
• Z7/06 Durability—Cracks and Crack Control
• Z7/07 Durability—Testing.

1 INTRODUCTION

Whilst research into concrete durability continues, 
the knowledge on exposure significance, deteriora-
tion processes, materials properties and workman-
ship implications has developed significantly over 
the last 30 years. In addition new cementitious 
materials, admixtures and additives have been 
widely introduced. Much more advanced concretes 
are now available. New durability design practices 
have also been developed, including durability 
modelling methods, and new methods of construc-
tion have been introduced. However, to an extent at 
least, these developments are not fully reflected in 
a clear and unified manner through the Australian 
Standards dealing with concrete durability require-
ments (e.g. modelling methods, use of fly ash, slag, 
silica fume, and galvanised and stainless steel rein-
forcement). The CIA durability series provides rec-
ommendations on durability design using a wider 
range of concretes and reinforcements, and details 
how to implement new durability design methods.

Durability requirements in Australian  Standards 
are fragmented through different standards and 
their commentaries dealing with concrete  durability 
requirements for different structure types (e.g. AS 
2159 [1], AS 3600 [2], AS 3735 [3], AS 4997 [4] and 
AS 5100.5 [5]). Perceived conflicts between these 
documents (e.g. higher covers in AS 3735 than 
AS 3600 for the same life and exposure) might 
sometimes be explained by the different owner 
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The durability that the owner and community 
require from structures will only be obtained if  
specific consideration is given to how durability 
requirements impacts on construction cost, inspec-
tions needs, maintenance requirements,  aesthetics 
and operational and community costs. While 
strong emphasis is placed on achieving the design 
life, durability must be met long into the future, 
possibly well past the initial design life. The dura-
bility series will go a long way to providing the nec-
essary tools for design and construction of durable 
structures based on the latest understanding of 
exposure, materials and deterioration process.

2 Z7/01 DURABILITY PLANNING

Whist there has been various papers published on 
durability planning [7,8,9,] Z7/01 is the first indus-
try guideline on the topic. Information on processes 
involved in concrete deterioration are available 
for engineering analysis but a formal process for 
achieving durable structures in design, construction 
and operational maintenance is missing. Durability 
planning outlined in Z7/01 provides a system to for-
malise the process of achieving durability through 
appropriate design, construction and maintenance.

Z7/01 sets out the process of planning to achieve 
the required level of durability. The durability 
planning outcomes will be delivered in a Durabil-
ity Assessment Report specific for the project. This 
will describe how the desired level of durability will 
be achieved and ensured using appropriate tools 
and recommendations given in Codes and Recom-
mended Practices (e.g. CIA Z7/02-07).

A Durability Assessment Report provides a con-
tinuous link in durability objectives between design, 
construction and maintenance. Durability planning 
evaluates, explains and provides solutions for all 
stakeholders. Greater confidence is provided for the 
design and required service lives to be achieved.

Durability is provided with improved confidence 
when the concrete structure asset owner is actively 
involved starting from the project brief stating specific 
durability requirements. Designer and/or contractor 
provided durability requirements without adequate 
asset owner input may mean optimum functionality 
and whole of life cost may not be achieved. Asset 
owner maintenance cost and resources may be exces-
sive to keep the asset operational or the asset owner 
may face rapid premature depreciation.

Concrete structures recommended to use dura-
bility planning will have durability design require-
ments that are complex, critical or uncertain. 
Durability planning is not expected for simple 
structures in benign exposure conditions.

The Durability Assessment Report issued will 
explain the durability requirements and provide 

details to be included in the project design reports, 
specifications, design drawings, asset maintenance 
plans and/or operation and maintenance manuals. 
This report may be a page for simple structures 
or detailed for complex or critical or structures in 
severe exposures. Durability checklists in tabular 
form provide useful project guidelines complemen-
tary to the Durability Assessment Report.

3 Z7/02 DURABILITY—EXPOSURE 
CLASSES

The Z7/02 committee, which comprised various 
durability technical experts, agreed current Aus-
tralian Standard durability classes have three issues 
in how they deal with exposure classifications:

a. Exposure classes for different structure types, e.g. 
piling, marine structure, water retaining struc-
tures and general concrete structures, can have 
different exposures classifications according to 
current Australian codes. In reality the exposures 
are common to all concrete and use of different 
class types for the same exposure is confusing.

b. The same exposure class is used for different 
exposure types, e.g. a B2 exposure could be due to 
chloride exposure or sulfate exposure. This makes 
it difficult to provide a range of solution that will 
always be applicable to each exposure class.

c. The exposure classes are not in line with those 
used in ISO or European standards. This makes 
it difficult to compare Australian durability 
requirements with international requirements.

Hence Z7/02 provides different exposure classes 
for each type of exposure and applies them to con-
crete in all structure types. The ISO 16204 [10] expo-
sure classes are adopted where possible but the ISO 
format for exposure classes is adopted in all cases.

Different projects will have different design 
life and reliability requirements and this also 
needs to be factored into the durability design. 
In some cases the different Australian Standards 
may have incorporated these aspects into the 
exposure classifications and this may account for 
why the exposures classes are different in differ-
ent Australian  Standards. However it is possible to 
allow for different life and reliability requirements 
for  individual elements rather than forcing every 
project of  a  certain type to adopt the same life and 
 reliability level. For example some elements of  a 
marine structure may be highly critical and require 
a high reliability associated with an ultimate 
limit state (e.g. reliability around 4) while others 
may have virtually no failure consequence should 
they deteriorate and have a much lower reliability 
requirements (e.g. as low as 0.5). The same struc-
ture may only be required for 20 years or 100 years. 
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Further details on design life and reliability can be 
found in CIA’s Z7/01—Durability Planning.

The base used for the exposure classification 
was the fib Model Code 2010 [11] and EN201 
[12] as these have had extensive recent discussion 
from participants from all over the world. Where 
a departure from these documents is used in Z7/02 
the reason for the departure is given. The principle 
reason for departures is that in Australia a broader 
range of exposures in some exposure types has 
been recognised.

The exposure classes discussed in Z7/02 are the 
criteria against which deemed to comply provi-
sions in Z7/03 are defined. Hence Z7/02 can be 
considered a commentary on the exposures used in 
Z7/03. Exposure classes include:
XC—atmospheric carbonation inducing,
XS—seawater exposure,
XD—chlorides other than seawater,
XA—aggressive chemicals in ground exposure
XF—freeze thaw,
XG—exposure to liquids, vapours and gases,
XM—water migration
XX—metals in the cover zone
XR—abrasion
XI—moisture and ASR
XH—temperature and delayed ettringite fomation.

A common criticism of the first version of 
Z7/02 was that there was no guide to how the expo-
sure classes in Z7/02 related to exposure classes in 
Australian Standards. Appendices have now been 
added that describe this.

4 Z7/03 DURABILITY—DEEMED 
TO COMPLY REQUIREMENTS

At the commencement of the task groups it was 
agreed that deemed to comply requirements would 
be prepared after the other Z7 recommended prac-
tices so that it could be based on them. Hence at 
the time of preparing this paper attention is only 
just refocussing on Z7/03. The group, set the fol-
lowing as the approach to be followed:

• Provide requirements for each exposure class 
(e.g. chloride, sulphate, acid, atmospheric gases)

• Requirements linked to cement systems includ-
ing GP cement, fly ash, slag and silica fume)

• Provide guidance for galvanised and stainless 
steel reinforcement, prestressing and steel fibres

• Give recommendations for effect of coatings on 
other durability requirements

• Define significance of curing methods on other 
durability requirements

• Provide advice based on minimum cover.
• Incorporate reliability as a factor in determining 

durability requirements

• Design lives of 25, 50, 100 and 200 years to be 
considered.

Reliability design is a major new introduction 
to durability design although it is well know for 
structural design. As shown in Figure 1 reliabil-
ity for chloride induced corrosion of  marine and 
coastal structures has a steep reduction with time 
initially and then begins to flatten out. For most 
concrete the reduction between 50 years and 100 
years is not high and from 100 years to 200years 
is even less. This is because the rate of  chloride 
ingress is proportional to the square of  the cover. 
It is proposed that factors will be applied to 
cover to allow for both design life and reliability 
requirements.

5 Z7/04 DURABILITY—GOOD PRACTICE 
THROUGH DESIGN, CONCRETE 
SUPPLY AND CONSTRUCTION

Australian concrete construction standards more 
generally focus on minimum design and material 
requirements and with the exception of a few more 

Figure 1. Reliability based on full probability analysis 
for a coastal structure using a 0.45 w/c ratio and 45 mm 
minimum cover [2].
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detailed “Hand Books” standards are unlikely to 
provide more informative recommendations about 
how to design or construct a structure to get the tar-
get life expectancy. The previous edition of Z7 gave 
a good backbone for Z7/04 but Z7/04 authors found 
Z7/04 kept growing as different aspects of design, 
concrete supply and construction were considered.

As the title suggests, Z7/04 has applicability to 
more general concrete design and construction as 
well as concrete requiring specifically higher levels 
of durability. Z7/04 details areas such as

• the impact of specifications on the contract 
process,

• impacts of design on construction,
• details of materials requirements used in 

construction,
• material quality control processes,
• construction process and supervision,
• detailing issues in common structural elements 

that may present potential durability issues to 
the designer & constructor.

• reinforcement spacers and chairs. This is an area 
that has been demonstrated to cause weakness 
in durable construction and is rarely adequately 
specified.

The designer and durability consultant must 
understand the structural design and the material 
properties to consider how the required properties 
can be delivered during the construction process. 
There are many elements to this delivery process that 
impact on the final structures durability and Z7/04 
provides information that helps to highlight the 
more critical areas of concern from design detail-
ing through material supply to construction of the 
structure for all concrete construction stakeholders.

The document is intended to inform all  parties 
involved in design and construction about the 
 benefits of durability planning and subsequent con-
struction control so they can deliver the expected 
level of maintenance and life of the structure to the 
asset owners. Different sections of Z7/04 deal with:

• Detailing—Poor detailing of the structure can 
lead to various issues and common issues are 
outlined. Typical details that will help overcome 
durability problems are provided.

• Pre-pour planning—The concrete supplier can-
not know if  concrete supply is fit for purpose 
with no awareness of where and how the con-
crete is to be placed. As the concrete supplier is 
often best placed to advise on what can be pro-
vided to overcome a particular problem part of 
the pre-pour planning is to introduce the sup-
plier to the proposed pours. Many experienced 
concrete engineers will review the contractor’s 
method statement and will be able to pass useful 
comment. Hence another part of pour  planning 

is proper documentation of the methods to be 
used and dissemination of approved method 
statements to those that will place the concrete.

• Quality management—Lack of Quality Man-
agement throughout the production, delivery 
and placing process may lead to construction of 
a cheap but poorly performing structure.

• Concrete materials and concrete supply—Al-
though AS1379 provides useful advice there are 
a number of aspects left open to the designer 
and these are discussed in Z7/04. Additional rec-
ommendations on issues not covered by AS1379 
are also provided.

• Reinforcement Types—Reinforcements of various 
types are used in construction and these all impact 
on the potential durability of the structure.

• General construction issues—This includes plac-
ing, finishing and curing of concrete plus training 
issues and solutions. Lack of training is one of the 
most common causes of construction defects and 
subsequent durability issues. Even the simplest of 
training can save the contractor and owner huge 
re-work and repair costs respectively. Hence some 
provision in the contract should be made for the 
contractor’s team to be adequately trained.

• Construction of different element types—Differ-
ent sections of Z7/04 consider durability aspects 
of insitu cast, precast and sprayed concrete.

6 Z7/05 DURABILITY—MODELLING

Durability modelling is a major area of develop-
ment in Europe with fib Commission 8 having two 
active task groups dealing with different aspects of 
modelling which support the modelling sections of 
fib Model Code 2010 and ISO 16204. Z7/05 has 
drawn on these documents in its considerations.

Durability design of a reinforced concrete struc-
ture mostly involves selecting suitable concrete 
compositions and related durability measures for 
a specific exposure condition to achieve the speci-
fied design life. There are mainly four approaches 
to conducting durability design as defined in fib 
Bulletin 34 [13], i.e.:

• deemed to satisfy design, i.e. complying the 
durability prescriptive requirements in codes,

• avoidance of deterioration, e.g. use of stainless 
steel to avoid potential issues with corrosion,

• partial safety factor design with deterministic 
modelling, and

• full probabilistic design based on stochastic 
modelling.

In the past, most concrete structures were 
designed using a ‘deemed-to-satisfy’ approach 
by following code requirements, which was pre-
dominantly established based on long term field 
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 observations. The durability outcomes using 
this approach were a mixture of some successes 
and some failures. It was found that the failures 
occurred more frequently on the structures in 
aggressive conditions built since 1970 while struc-
ture built before that performed generally better.

Although the causes of the change in the 1970’s 
have not been fully understood, this change has 
coincided with many changes including the cement 
characteristics (containing more C3S and being 
finer), climate change (higher temperature and 
more C2O in atmosphere) and construction prac-
tices (poor curing and compaction). These changes 
have not been reflected in the durability require-
ment by various Australia Standards.

Lack of long term durability data on new mate-
rials, principally cement concrete mixes and rein-
forcement, and change of exposure conditions, 
a ‘deemed-to-satisfy’ approach may not now be 
sufficiently reliable. In some case it may lead to 
premature failure while in others it may be overly 
conservative e.g. where higher performing mate-
rials are used. The avoidance of deterioration 
approach can reliably provide a superior durabil-
ity performance. However the associated high cost 
discourages wide application except on some criti-
cal elements in critical projects.

An alternative durability design method, dura-
bility modelling (of either full probability design 
or partial factor) based on current material char-
acteristics and known exposure parameters has a 
potential ability to provide a more reliable durabil-
ity outcome if  appropriate models and parameters 
are adopted. It is especially effective to predict long 
term performance of concrete structure in chloride 
laden condition and carbonation condition.

The advantage of modelling approach is that it 
does not rely on the observed long term informa-
tion on the performance of field concrete structures 
and it can be adopted to more aggressive condition 
compared those in the codes. Such a modelling 
approach has been increasingly applied in durabil-
ity design for major infrastructure projects in Aus-
tralia and around world. Modelling is an even more 
effective tool to determine the remaining service life 
of existing concrete structures as it is based on the 
actual interaction of the structure and exposure.

Various models and preferred input parameters 
have been established and used in the past. How-
ever they produced significantly different predic-
tion results and consequently different durability 
requirements even for the similar conditions and 
materials. Apparently, some models and associated 
input values must be incorrect, incomplete, and/or 
inappropriate for the prevailing conditions. There-
fore, to achieve accurate and reliable modelling 
outcomes without a risk of premature durability 
failure or being too conservative at a high cost, it 

is critical to select suitable durability models and 
input parameters across the industry. Only by 
this approach can consistent durability designs be 
achieved with a reliable durability outcome.

The objectives of Z7/05 was to review commonly 
used models and their input parameters for chlo-
ride diffusion, carbonation and corrosion propa-
gation process so as to be able to recommend the 
most suitable models and input parameters with 
their statistical distributions. However, consider-
ing the complex nature of concrete deterioration 
process and still insufficient researches this cur-
rent guide is considered to be a working document 
which will be updated with more understandings 
and new findings in future.

7 Z7/06—CRACKING AND CRACK 
CONTROL IN CONCRETE STRUCTURES

The chairman for this group has undertaken a 
review of the current literature on crack control, 
including CIRIA C660 [14], and is very familiar 
with current code requirements. He has also been 
managing a significant research programme on 
this topic and important results will be available to 
feed into to the groups recommended practice note 
by the end of 2014.

At present, there is no Australia Standard 
method for calculating crack widths. The methods 
outlined in CIRIA C660 are often used for early-
age thermal crack control and a variety of meth-
ods have been proposed for estimating the width 
of load-induced cracks. Irrespective of their cause, 
crack widths are known to vary with time and are 
greatly affected by temperature changes and by 
drying shrinkage. Most current approaches do not 
include the design shrinkage strain as input into 
the crack width calculation, and consequently, 
they cannot hope to accurately, or even adequately, 
predict final crack widths.

The mechanics associated with cracking caused 
by early-age thermal deformations, restraint to 
drying shrinkage, and external loads are all dif-
ferent. Whatever the cause, each type of crack is 
controlled by reinforcement and the width of the 
crack depends on the stress in the reinforcement 
crossing the crack. Z7/06 will provide a consistent 
and rational approach for predicting crack widths 
in concrete structures. It will provide guidance on 
how this approach can be used for the determina-
tion of final crack widths in a variety of common 
design situations, including example calculations 
for early-age cracks, restrained shrinkage cracks 
and load-induced cracks. Z7/06 will also provide 
guidance on the acceptable final calculated crack 
width (both average and maximum widths) from a 
durability point of view in all the various exposure 
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classifications and how this varies with the design 
life of the structure. With the calculation procedure 
clearly specified, limits can be placed on the maxi-
mum calculated crack width, without attempting 
to ensure that every crack in the actual structure 
meets the design requirements.

Cracking and crack control in concrete struc-
tures will fill a current void. The existing approach 
for crack control in AS3600-2009 is often unreli-
able, quite inflexible, and unrelated to the  specific 
durability requirements of the structure. For 
cracks caused by the applied loads and resulting 
from bending and direct tension, AS3600-2009 
requires that the stress in the reinforcement cross-
ing the crack due to service loads does not exceed 
a specified maximum value. The maximum value 
depends only on the bar diameter or the bar 
 spacing. In addition, certain detailing require-
ments are imposed involving maximum limits on 
concrete cover and bar spacing. These require-
ments are independent of the exposure classifica-
tion, the type and importance of the structure, the 
mix proportions, the concrete material properties 
(including the shrinkage strain), the heat of hydra-
tion, etc.—all of which affect crack widths and, 
therefore, should be considered in the design for 
crack control. With regard to restrained shrinkage 
and temperature cracking, minimum quantities 
of reinforcements are specified depending on the 
whether a “strong”, “moderate” or “minor” degree 
of crack control is required. Again many of the 
factors that affect crack widths are not considered, 
including the level of shrinkage or the exposure 
classification.

8 Z7/07 DURABILITY—TESTING

Authorship of Z7/07 was widespread, not surpris-
ingly given the broad nature of the testing meth-
ods. Z7/07 provides guidance on performance tests 
for durability design and implementation. Often 
several test methods supply similar information. 
The limitations and advantages of test methods are 
reviewed, and recommendations provided on which 
test is the most suitable for project specifications.

Test methods are available to assess various 
aspects of durability performance through a con-
crete structure’s life cycle including:

• Mix Acceptance Tests (including tests to vali-
date values used in modelling)

• Tests For Quality Assurance
• Tests Where Placed Concrete is Suspect
• Tests For Condition Monitoring.

A wide range of tests designed to demonstrate 
the potential durability performance of concrete 
have been introduced over the years. This has 
caused some uncertainty for:

• Asset Owners: To understand what methods are 
available, the appropriateness of those methods 
to the structures’ exposure, environment and life 
cycle, and the most cost effective testing regimes 
to achieve the required outcomes and level of 
certainty that they are looking to achieve.

• Designers: To know which tests are the most 
appropriate to specify and how much test data 
is required to ensure that the level of statistical 
confidence from the test results underpinning 
the design is appropriate.

• Contractors and Material Suppliers: To under-
stand and have confidence in the consistency, 
repeatability and validity of trial data and qual-
ity control performance testing they are required 
to undertake for compliance with the project 
specification.

• Suppliers of Laboratory Testing Services: To 
maintain and calibrate equipment, train staff, 
maintain third party accreditation for the tests 
(e.g. perform the tests to sufficient frequency, 
provide regular proficiency training of staff  
and keep detailed records) and competitively 
price test methods despite some being not often 
specified.

Z7/07 aims to reduce the confusion and uncer-
tainty. It provides guidance on performance tests 
for durability design and implementation. Often 
several test methods supply similar information. 
The limitations and advantages of these meth-
ods are reviewed, and recommendations provided 
on which test is the most suitable for project 
specifications.

Design phase durability testing requirements are 
recommended to be clearly specified for four stages:

• Mix trials to confirm the mix is suitable.
• Quality assurance tests as construction proceeds.
• Tests at the end of the defects liability period to 

create a list of items for repair.
• Tests during the design and service life including 

monitoring.

Construction phase materials testing and 
 selection requirements recommended are:

• Materials testing and selection must be  completed 
in accordance with the project  specifications prior 
to use in the works.  Additional  testing is required 
prior to a change in supply of materials.

• Verification of concrete mix designs to meet 
project specification durability requirements 
can take considerable time, and unscheduled 
changes in concrete supply during construction 
may result in program delays. Durability test-
ing of concrete such as chloride diffusion, water 
permeability, drying shrinkage, etc. may have a 
long test period (e.g. up to 3 months).

• Variability of durability tests must be taken 
into account by the durability consultant, with 
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 specification test criteria allowing for alternative 
solutions to achieve the required durability if  the 
test results do not achieve the specified values. 
This can be achieved by conservative durability 
design and/or provision for use of additional 
measures such as protective coatings or special 
additives or other measures.

Operations and maintenance phase monitoring 
and testing recommended are:

• Practical Completion Inspection—Prior to a 
structure going into service it is important to 
determine if  any defects need to be contractor 
repaired and to document the initial structure 
characteristics and condition for future refer-
ence and comparison.

• Periodic In-Service Visual Inspection—A reac-
tive approach to on-going maintenance be lim-
ited to visual inspections only and these may be 
performed on a regular or ad-hoc basis. This 
may be adequate provided no major defects are 
found and may be sufficient to prevent minor 
defects from becoming major ones, if  appro-
priate, follow up repairs are performed. This 
approach may be suitable for minor structures 
and/or structures with a short design life.

• In-Service Condition Monitoring and 
 Testing—Proactive maintenance will involve 
early intervention to prevent or delay the onset 
of corrosion initiation. This will require regular 
inspections or remote monitoring of  embedded 
probes in conjunction with non-destructive 
testing.

If  significant repairs/strengthening have been 
carried out, then a post-intervention inspection 
should be carried out along similar lines to a new 
structure first inspection mentioned above.

This document is intended to inform all parties 
involved in design, construction and maintenance 
about the benefits of durability performance test-
ing and how, as part of a durability planning and 
implementation process, it will lead to an increased 
likelihood of achievement of the design life of 
structures and buildings.

9 CONCLUSIONS

Concrete durability is a complex topic covering a 
wide spectrum of inputs into design, construction 
and maintenance. The CIA durability series is an 
attempt to provide recommendations influencing 
durability into a consistent, conservative and com-
prehensive set of documents.

This has been a difficult task and has taken 
many years to reach even this initial stage. Interna-
tional work particularly that of fib Commission 5 
(now 8) on the same topic, has been influential in 
putting the recommendations together.

The process involved workshops with industry 
in the early stages to assess what changes were con-
sidered necessary. Later various task groups were 
established to deal with specific aspects. The effort 
required to do this was considerable but consid-
ered worthwhile in view of the cost to the commu-
nity of poor durability, the conflicts arising within 
different Australian Standards and differences in 
approaches between the various practicing dura-
bility consultants.
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On the relationship between the formation factor and diffusion 
coefficients of Portland cement mortars
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ABSTRACT: Concrete durability continues to be a subject of considerable interest, especially with 
the use of cement based materials on structures increasingly demanding on term of sustainability and 
 resistance to aggressive ions penetration or radionuclide release. Diffusion is considered one of the main 
transport phenomena that cause migration of aggressive solutes and radionuclide in a porous media 
according to most studies.

In this work, two different tracers (an ion, and a radionuclide) were tested on the same formulations 
of mortars (w/c = 0, 4 and sand volume fractions from 0 to 60%) by the through-out diffusion, in order 
to determine the effective diffusion coefficients of each tracer and each formulation. The obtained results 
have proven the validity of the formation factor equation relating the effective diffusivity of a tracer to its 
diffusion coefficient in pure water.

the formation factor equation (Eq. 1) relating the 
 effective diffusivity (De

ion, De
rad) in the cementitious 

material respectively of an ion and a radionuclide to 
their diffusion coefficient (D0

ion; D0
rad) in an infinitely 

diluted solution, usually in pure water at 25°C.

F D
D

D
D

rad

e
rad

e
ion

ion
= =0 0D  (Eq. 1)

For that purpose, several formulations of mor-
tars were tested in through-out diffusion with HTO 
and with lithium ion which has allowed identifying 
their diffusion coefficients.

2 EXPERIMENTAL PROCEDURES

2.1 Test program

Six different mixtures were prepared, to achieve 
the goal fixed previously. Mortars were manufac-
tured from mixing Portland cement (European 
grade CEM I 52, 5 N CE PM-ESCP2 NF), with 
standardized siliceous sand CEN IN 196-1 labeled 
SN, and with water and the super plasticizer Gle-
nium27 for some formulations.

These formulations were made by fixing water-
to-cement ratio (w/c) and by varying the relative 
aggregate volume content (Cag) in the objective to 
have different geometrical formation factors for 
each specimen. (Table 1) gives the proportions of 
the tested materials.

1 INTRODUCTION

Despite the significant efforts deployed to improve the 
design, production and placement of concrete mix-
tures, the premature decay of infrastructures remains 
one of the main challenges facing the construction 
industry at the beginning of this 21st  century [1]. 
Therefore, the durability of cement-based materials 
continues to receive significant international atten-
tion from both scientists and engineers.

Since these materials are porous, their durability 
is basically determined by their ability to resist the 
penetration and the transport of aggressive agents. 
The diffusion coefficients of ions and radionuclides 
in cementitious materials are the most important 
parameters to evaluate the state of degradation of 
structures.

In the framework of the storage of nuclear waste, 
(HTO) the liquid form of tritium, is considered as 
an ideal tracer for the characterization of the effec-
tive diffusivity in cementitious materials, because of 
its negligible interaction with the cement matrix [2] 
and the facility to apply Fick’s law to a molecule 
such the HTO. However, the radioactive nature of 
HTO encourages looking for nonradioactive ele-
ments (generally ions) that can provide its diffusion 
coefficient without having to carry out tritiated 
water diffusion tests very expensive and dangerous.

Only diffusion in saturated porous materials 
is concerned in this study. Electro-diffusion and 
unsaturated conditions are ignored hereafter. Thus, 
the aim of this study is to prove the validity of 
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Mortar specimens were mixed according to the 
standard mortar fabrication procedure NF EN 
196-1 and were cast in PVC cylinders 70 mm in 
diameter and 110 mm high.

After 24 h, specimens were demoulded and con-
served in lime water. They were cured in a humid 
chamber at T = 20 ± 1°C for a period exceeding 
three months, to ensure complete hydration of the 
material and to have a ‘‘fixed’’ microstructure dur-
ing all the experiments.

Samples used for diffusion tests are 6 mm 
thick discs, obtained by underwater cutting of the 
 central portion of each specimen. The  thickness 
chosen for discs of 6 mm is justified for two rea-
sons: First, a reason of representativeness, because 
to have  reliable results, the sample must at least 
have a thickness three times larger than the maxi-
mum grain diameter (1,8 mm for SN). Also, a thick 
 sample will take more time to be tested by the 
through-out diffusion than a fine sample. That’s 
why, the thickness of 6 mm was chosen since it rep-
resents a compromise between the rapidity and the 
representativeness of the test.

2.2 Microstructure analysis

The microstructure of the studied materials was 
investigated by free water porosity and Mercury 
Intrusion Porosimetry (MIP) measurements.

2.2.1 Free water porosity measurements
Water porosity measurement is considered as 
a parameter of first order in the evaluation of 
the durability of material [3]. The experimental 
method [4] consists in determining water porosity 
by weighing the three following parameters: The 
sample water saturated mass Ms, the sample dried 
mass MD, and Mw the sample mass when immersed 
in water.

Dried mass was obtained after an oven drying 
at the temperature of 60°C until constant weight. 
From these data, porosity accessible to water can 
be calculated as follows:

ϕ =
M M−
M M−

s DM

s wM
 (Eq. 2)

2.2.2 Mercury intrusion porosimetry
Before testing, the samples were first frozen 
(−195°C) by immersion into liquid nitrogen for 
5 min. This quick quenching process at very low 
temperature allows generation of ice microcrystals 
that do not alter the microstructure.

After freezing, samples were introduced for 
7 days in a freeze-dryer in which vacuum were 
kept to 10-1 Pa. This operation allows the ice 
trapped in the material porosity to sublimate. 
This freeze- drying technique is commonly used in 
many  industrial areas like soil engineering, food 
industry, and biology. This technique is  considered 
as a  suitable procedure for MIP investigation on 
cement-based materials [5, 6]. MIP measurements 
have been carried out using micromeritics porosim-
eter with a maximum 413MPa injection pressure. 
The contact angle was 130° for all samples. The 
minimum pore access diameter reached is about 
3 nm. For each specimen, two samples were tested 
and the results averaged.

2.3 Through-out diffusion tests

There are many methods of measurement of the 
coefficients of diffusion. Most known are natural 
diffusion tests, electrically accelerated tests or test of 
immersion in a concentrated solution. The choice of 
the method of measurement depends on the nature 
of the diffusing element but also on requirements 
of time. For this study the choice of the diffusing 
element will be on one hand a radioactive isotope 
(HTO) and on the other hand a solution containing 
lithium ions Li+ ( lithium chloride solution LiCl).

The through-out diffusion tests consist on 
putting the mortar sample between two compart-
ments. The samples were sealed into position using 
an epoxy adhesive “Araldite” and by means of 
O-rings to avoid leakage.

Each compartment of 111 ± 1 ml volume is filled 
with saturated lime water. Then the cell is left to 
stand for about fifteen days to check the tightness of 
the cell and stabilize the sample before the test. After 
this period, the upstream compartment of each cell 
was doped with one of two species (HTO or Li+).

The amount of elements transferred from the 
upstream to the downstream compartment was then 
followed in time by successive samplings which were 
analyzed by ionic chromatography device (for moni-
toring Li+ ions) and by a scintillation tritium monitor 
for the monitoring of HTO. The lower limit of detec-
tion for the ionic chromatography is 0.18 μmol/l.

During the test, the concentration at the down-
stream compartment was checked not to reach 

Table 1. Proportions of materials tested.

Mixtures ID w/c(1) Cag
(2) Gle-27(3)

SN. 0% 0.4  0% –
SN. 10% 0.4 10% –
SN. 30% 0.4 30% –
SN. 50% 0.4 50% –
SN. 55% 0.4 55% –
SN. 60% 0.4 60% 0.5%

(1)w/c is the water-to-cement ratio. (2)Cag is the relative 
aggregate volume content; (3)Gle-27(%) is the weight of 
Glenium 27 relative to weight of cement.
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3% of the upstream concentration; otherwise, the 
downstream solution is drained. Therefore the 
upstream concentration C0 and downstream one 
C1 were maintained constant for all time (C0 = 3.2 
106 Bq/L; C1 ≈ 0) for HTO and (C0 = 41 mmol/l; 
C1 ≈ 0) for lithium solution (LiCl).

3 RESULTS

3.1 Water porosity and mercury 
intrusion porosimetry

By increasing the sand content in mortars, the 
water porosity decreases (Fig. 1a).Water porosities 
are then compared to (1-Cag) linear plot called the 
law of perfect dilution and which reflects the lin-
ear decrease of mortars porosity made with non-
porous aggregates. It can be seen that experimental 
results are close to (1-Cag) plot and don’t breached 
the line except for the SN.60% mortar where water 
porosity value is slightly above dilution line.

This was confirmed by measurements of bulk 
densities by water porosimetry (Fig. 1b). The evo-
lution according to the sand content curve presents 
a fall of the density at the SN.60%.

The slight increase of porosity and the decrease 
of bulk density in 60% sand volume fraction are 
correlated with an increase in air voids content 
within the material. Voids which can be interpreted 
by the presence of air bubbles. This anomaly of the 
SN.60% was also observed by mercury porosime-
try. Figure 2 presents the pore size distribution of 
the tested formulations.

The curve representing the cement paste 
(SN.0%) shows that the diameter of the largest 
pores appears around 0,05μm, a threshold diam-
eter from which percolation of capillary pores is 
observed. In contrast, the curves corresponding to 

Figure 1a. Results of free water porosity measurements 
for tested mortars.

Figure 1b. Results of bulk density measurements for 
tested mortars.

Figure 2. Pore size distribution of tested mortars.

the other formulations show that the pore distribu-
tion is characterized in particular by the appear-
ance of larger diameters than those observed for 
cement paste. The addition of aggregates therefore 
increases the amount of larger pores (≥0,01 μm), 
even for mortars with only 10% of sand. This 
change in microstructure may be due to the forma-
tion of Interface Transition Zone aggregates/paste 
(ITZ) characterized by a higher porosity and its 
percolation [7, 8, 9]. However, this explanation is 
not sufficient to justify the microstructural behav-
ior of (SN.60%) mortar.

3.2 Diffusion tests

3.2.1 Lithium diffusivity in mortars
Figure 3 shows the profile of effective diffusion 
coefficients of lithium ion vs. the sand volume 
fraction present in the formulations.

It is noticed, that with low content of sand in 
particular between 0 and 50%, the diffusivity of 
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lithium decreases with sand content in a perfect 
dilution law:

D De
mortar

e
p

ag
aste ×De

paste ( )Cag−  (Eq. 3)

With De
mortar is the diffusion coefficient of the 

mortar, De
paste the diffusion coefficient of the cement 

paste, and Cag, the sand content in the mortar.
Mortar behavior becomes different starting from 

the formulation SN. 55%, where the diffusion coef-
ficient varies very little compared to the mortar 
within 50% sand content. However, the formula-
tion which remains the most significant is SN.60%, 
because its diffusion coefficient rises considerably 
and largely exceeds the diffusion coefficient of the 
cement paste.

These results observed for different formulations 
are in perfect agreement with the results of water 
porosity and mercury porosimetry. These phenom-
ena were also noted in previous studies found in 
the literature such [10] and [11].

3.2.2 Tritiated water diffusivity in mortars
Tritium diffusion tests were carried out on the 
 formulations SN. 0%, SN. 10%, SN. 30%, SN. 50% 
and SN. 60% and were repeated twice for each 
formulation. Both formulations SN. 55% and SN. 
65% could not be tested by tritium diffusion.

Figure 4 shows the effective diffusion coefficient 
values according to aggregate fraction volume. The 
general tendency of the curve in Figure 4 is in per-
fect agreement with the diffusion results of lithium 
and with water porosity and mercury porosimetry 
results.

3.2.3 Interpretation of diffusion results
For materials with less than 55% sand volume, 
the effect of dilution is dominating for the two 
tests of diffusion with HTO and lithium. In these 

 formulations, the ITZ layer around the aggregates 
exists according to the results of mercury porosim-
etry, but it remains isolated and does not affect dif-
fusive characteristics of the materials.

This tendency has suddenly changed from 55 
to 60% sand volume fraction, where a significant 
increase in the diffusion coefficient is observed. 
Moreover, il was noticed an increase in the 
 mercury penetrated volume (at 0.6 μm diameter in 
 Figure 2) revealing of  the interconnection of  this 
class of  pores (0.1 to 1 μm). This  interconnection 
created can therefore cause the formation of  a 
percolation path within the sample which may 
justify this very significant increase in diffusivity. 
In this case,  several hypotheses can be suggested 
to try to explain the cause of  this  interconnection. 
Among these, the interconnection of  ITZ and/
or the heterogeneity of  the  material. This last 
proposition means that because of  the small 
 proportion of  cement present in the SN. 60%, it 
is possible to find some areas poor in cement but 
rich in water, others containing sufficient binder, 
and another part that may contain anhydrous in 
majority.

These various material microstructures can finally 
lead us to believe that a competitive aspect exist in 
mortars: on one side, the presence of nonporous 
sand grains tend to decrease the diffusivity but on the 
other the presence and the interconnectivity of ITZ 
are respectively at the origin of the appearance of 
larger pores and probably the cause of the increase 
of the diffusion coefficient (in the SN. 60%).

4 DISCUSSION ON THE VALIDITY OF 
THE FORMATION FACTOR CONCEPT

The objective of this paragraph is to compare the 
formation factors obtained experimentally from 
the results of lithium and tritium diffusion tests.

Figure 3. Effective diffusion coefficient De vs sand 
 content of lithium.

Figure 4. Effective diffusion coefficient De of HTO vs 
sand content in mortars.
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Table 2 shows experimental values   of effective 
diffusion coefficients of each tracer within the 
tested formulations. Therefore, knowing the dif-
fusion coefficients of the element “i” ( )i

0 , it is 
possible to calculate the formation factor for each 
formulation using the relation:

F D
DiFF

i

e
i= 0  (Eq. 4)

It is noted that the values of D0
HTO et D0

Li meas-
ured in an infinitely diluted solutions are respec-
tively 2.27 × 10-9 (m2/s) and 1.03 × 10-9 (m2/s) [12].

The comparison between experimental forma-
tion factors gives rather close results, (Fig. 5).

Initially, formation factors (of HTO and lithium) 
follow the same tendency i.e. they increase with the 
sand content for mortars until 55% of sand, and 
decrease dramatically around 60% of sand.

Disparities between formation factor values 
measured with the two tracers do not exceed 15% 
for all tested formulations except the SN.60% mor-
tar where a difference of about 25% is recorded. 
Regarding an uncertainty of measurements 
around 20% in the diffusion tests, the obtained 
results make it possible to validate the (Eq.1). They 
confirm the geometrical character of the forma-
tion factor which reflects the morphology and the 
connectivity of pore network of a given material. 
They also reveal the invariability of this parameter 
regarding the nature and the concentration of dif-
fusing tracer.

Differences obtained between these factors 
must normally tend to zero since it is the same 
formulations which were tested by the two tracers. 
Because of some disturbances that can take place 
during tests, such an error exists. Among these 
disturbing factors, may be mentioned two possi-
ble reasons. From one perspective, it was noticed 
during the tests, a slight drop of temperature in 
the room where were placed the cells, this fall of 
temperature can cause a decrease in effective dif-
fusion coefficients and thus increase the formation 

factor F. From another perspective, the increase in 
the formation factor may be due to the presence of 
chlorides ions in the upstream solution (solution 
of LiCl). These ions diffusing into mortars can 
involve some possible modifications in the micro-
structure of materials, in particular in the porosity 
of the hydrates. Otherwise, since hydrates poros-
ity in CEM I based materials represents a smaller 
fraction of total porosity (compared to a CEM 
V material for example), the effect produced by 
chloride ions on the geometry of pores cannot be 
more important. In addition the concentration of 
chlorides ions used is quite weak, and the duration 
of which analyses were stopped (113 days) remain 
insufficient to cause modifications in the micro-
structure of the samples. This effect was noticed 
by [13] mainly for concretes containing CEMV, 
where the variation of formation factors is more 
considerable.

Finally, the omission of electrical interaction 
between diffusing species (ions) can also explain 
the disparities between formation factors obtained 
from HTO and ionic species diffusion tests.

5 CONCLUSION

With the assessment of this paper, several conclu-
sions could be found. First, it was shown that the 
Eq. 1—giving the expression of diffusion coeffi-
cients of any ionic or radioactive specie from the 
geometrical formation factor of a material—can be 
validated for at least the two species tested which 
are lithium ion and tritiated water. This validity is 
conditioned by the respect of tests conditions i.e. 
a rather low upstream concentration of 41 mmol/l 
of LiCl, a fixed temperature during diffusion tests, 
materials formulated only with CEM I and with-
out additions … This result is regarded as perfectly 

Figure 5. Comparison between formation factor of 
lithium, and HTO obtained experimentally.

Table 2. Experimental diffusion coefficients and  resulting 
formation factors.

Mixtures 
ID De

HTO (m2/s) De
Li (m2/s) FHTO FLi

SN. 0% 2.56 ⋅ 10−12 1.15 ⋅ 10−12  886.72  896.43
SN. 10% 2.40 ⋅ 10−12 1.01 ⋅ 10−12  945.83 1019.80
SN. 30% 1.96 ⋅ 10−12 8.55 ⋅ 10−13 1158.16 1204.67
SN. 50% 1.45 ⋅ 10−12 5.69 ⋅ 10−13 1565.52 1810.19
SN. 55% – 5.90 ⋅ 10−13 – 1745.76
SN. 60% 3.39.10−12 1.70 ⋅ 10−12  669.62  605.88
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interesting, since it will allow determining orders 
of magnitude of the effective diffusion coefficients 
of any other diffusing specie by knowing the geo-
metrical formation factor of a material. However, 
to determine the formation factor, it is preferable 
to use tritium as a tracer, because its low reactivity 
with the cementing matrix, but also because it dif-
fuses more quickly than ions (steady state starts at 
10 days for HTO against 30 days for lithium ion) 
and thereafter, makes it possible to have the exact 
value of De for shorter tests durations compared 
to ions.
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ABSTRACT: Corrosion is a significant cause of the deterioration of reinforced concrete structures. The 
main cause of corrosion is the ingress of aggressive chemicals such as chloride ions from salts. However, 
there is a lack of knowledge and understanding regarding the relationship between compressive strength, 
resistivity and water absorption of different concrete types—all of which are critical parameters influ-
encing the chloride ingress rate and development of corrosion in reinforced concrete. Concrete cubes 
and cylinders with varying proportions of water-cement (w/c) ratios, Pulverised Fly Ash (PFA) (10–40% 
replacement), Ground Granulated Blastfurnace Slag (GGBS) (20–70% replacement) and Silica Fume 
(SF) (5–15%) contents were cast, and tested for compressive strength, hardened density, bulk and surface 
resistivity, and water absorption. The results showed that increasing the PFA, GGBS or SF replacement 
contents significantly increased both the surface and bulk resistivity of the concrete (e.g. with the 70% 
GGBS replacement, up to 9 times greater when compared to the control concrete). The addition of SF or 
GGBS had a considerable positive effect on the water absorption (even at low dosages), lowering it by up 
to a factor of 10. The PFA however, had little, or even an adverse, effect on the water absorption. Cement 
replacements such as PFA, GGBS and SF can therefore contribute significantly to improving the resistiv-
ity of concrete, and hence the resistance of concrete to chloride ingress, and should therefore be seriously 
considered for the majority of concretes designed for aggressive environments.

atmospherically exposed concrete, capillary suc-
tion (absorption) tends to be the dominant mecha-
nism (Christodoulou et al, 2013; Concrete Society, 
2008; Kropp and Hilsdorf, 1995). Ions such as 
chlorides are transported into the concrete pore 
system by being dissolved into water, which sub-
sequently cause corrosion of the steel reinforce-
ment, and ultimately spalling of the surrounding 
concrete cover.

1.1 Resistivity

Resistivity is a ‘geometrically independent property’ 
(Hornbostel et al. 2013) that expresses the freedom 
for which ions can migrate through a pore matrix 
of a concrete mass. It is usually expressed in terms 
of Ω ⋅ cm, but is scaled depending on the size of val-
ues obtained (Berkeley and Pathmanaban, 1990). 
Resistivity is influenced by the structure of the pore 
matrix, and the moisture content contained within 
it (Polder et al., 2000; Andrade and Alonso, 2001; 
Bertolini et al., 2004). There is a strong inverse rela-
tionship between resistivity and corrosion rate or 
chloride penetration (Alonso et al., 1988; Polder 

1 INTRODUCTION

Concrete is a naturally porous material, and the 
size and distribution of pores in concrete  varies. 
This depends upon the constituent materials, 
quality of compaction, materials used in the mix 
design, w/c ratio, degree of hydration, and curing 
 (Christodoulou et al, 2013; Concrete Society, 2008). 
Some of these pores will form an interconnected 
network of pore space that, under the right condi-
tions, can be penetrated by water, gas or ions.

The relevant transport mechanisms for the 
ingress of water, gases and ions are (Kropp and 
Hilsdorf, 1995; Christodoulou et al, 2013):

i. diffusion of free molecules or ions due to a con-
centration difference;

ii. permeation of gases or liquids through water 
saturated specimens due to hydraulic pressure 
difference; and,

iii. capillary suction (absorption) of liquids due to 
surface tension acting in capillaries.

Whilst, these mechanisms act together under 
natural environmental exposure conditions for 

ICCRRR15_Fullpaper_Book.indb   227ICCRRR15_Fullpaper_Book.indb   227 8/27/2015   9:10:32 AM8/27/2015   9:10:32 AM



228

et al. 2000; Bertolini et al., 2004; Morris et al., 2004; 
Hornbostel et al., 2013). It must be noted, however, 
that this relationship cannot be described as com-
pletely proportional, as contaminants, such as chlo-
ride ions, also reduce resistivity (Hornbostel et al., 
2013). For understanding the susceptibility of a 
hardened concrete to corrosion, it is clear measur-
ing resistivity is important. However, there is cur-
rently no standard method of interpretation for 
measured values of resistivity. This has led to many 
differing opinions by academics; in particular with 
respect to corrosion prediction ranges (Table 1). 
There seems to be a general consensus that there 
is a low probability of corrosion at <10 kΩ ⋅ cm, 
whereas the upper boundary is less clear.

Currently, there is no standard procedure cov-
ering the use of resistivity measuring instruments 
within the UK, however, in the USA, AASHTO 
TP95-11 (AASHTO, 2011) specifies the 4-Point 
Wenner Probe method.

There has been much discussion among aca-
demics, over the past decade around the merits of 
this method, with Table 2 summarising some of 
the advantages and disadvantages that have been 
presented in various literature.

These sources describe it as convenient, quick 
and able to be used on many different geometries, 
hence is identified as a good technique for site 
applications (Polder et al., 2000). One disadvan-
tage is the influence of reinforcement on the results 
obtained. In addition, it is repeatedly noted in lit-
erature, that if  this is the only parameter utilised 
to assess a reinforced concrete mass, misinterpre-
tations are likely. It would suggest, therefore, that 
a combination of different parameters will elicit 
more accurate conclusions.

1.2 Absorption

Absorption (and adsorption) describes the natural 
phenomena of a liquid being drawn into empty 
(or partially empty) pores by capillary attraction 

(Domone and Illston, 2010). This is caused by 
the surface tension acting within the capillaries 
of the pore matrix, creating an ‘underpressure’ 
(Kropp and Hilsdorf, 1995; Bertolini et al., 2004; 
 Hunkeler, 2005). The degree as to which this 
occurs is influenced by many variables, including 
density, viscosity and surface tension of the fluid 
and the structure of the pore matrix present within 
the concrete body (Kropp and Hilsdorf. 1995; 
 Bertolini et al., 2004).

The process of capillary suction begins with an 
initial absorption rate, which tends to be quick in 
completely unsaturated concrete, and proceeds 
into either a non-steady or a steady absorption 
rate. The type that exists is dependent on the condi-
tions of liquid exposure. A non-steady state occurs 
with short exposure, while a steady state occurs 
with prolonged contact with the liquid (Kropp and 
Hilsdorf, 1995).

As capillary suction depends on the presence of 
air within the pore matrix, it occurs predominantly 
where evaporation can take place (Hunkeler, 2005). 
For a reinforced concrete structure, this is close to 
the surface.

Weight gain of simple concrete specimens can 
be measured, in which case the absorption (or 
 sorptivity) is expressed as the amount of water 
absorbed per unit exposed surface divided by 
square root of time, e.g. kg/m2/hr0.5.

Modern designs standards aim to protect the 
embedded steel reinforcement by means of pre-
scribed controls such as minimum cementitious 
content, minimum cover, maximum w/c ratio 
etc, commonly known as a “deemed-to-satisfy 
approach” (Dunne et al, 2015; British Standards 
2006). This approach assumes that the concrete 
composition selected will result in the service life 
desired/selected, but does not fully take into con-
sideration the significantly different performance 
of combinations of cementitious binders, cover, 
and w/c ratios (Dunne et al, 2015). One way of 
doing this is by properly understanding the rela-
tionship between the concrete cover properties 
such as absorption, resistivity and compressive 
strength.

1.3 Supplementary Cementitious 
Materials (SCMs)

The more common SCMs are Pulverised Fuel Ash 
(PFA) and Ground Granulated Blast Furnace Slag 
(GGBS), and are controlled within the different 
exposure classes of BS8500 by a range of OPC 
replacement percentages.

In general, for SCMs, there is a reduction in heat 
omitted during the early hydration process com-
pared to that of PC, a long-term overall increase 
in compressive strength and, most importantly in 

Table 1. Comparison of reported ranges for active cor-
rosion probability with respect to resistivity.

Reference

Probability of active 
 corrosion state kΩ cm

Low Moderate High

Morris et al 2004 >30 10–30 <10
Pullar-Strecker 2002 >20 10–20 <10
Polder et al 2000 >50 10–50 <10
Gonzalez et al 2004 >50 20–50 <20
Elkey & Sellevoid 1995 >20 10–20 <10
Song et al 2007 >20 10–20 <10

ICCRRR15_Fullpaper_Book.indb   228ICCRRR15_Fullpaper_Book.indb   228 8/27/2015   9:10:32 AM8/27/2015   9:10:32 AM

  



229

the context of this research, an overall reduction 
in permeability to liquids (Bjegovic et al., 2012). 
This occurs as the latent production of C-S-H fills 
existing capillaries, acting to densify the concrete. 
The result is a more tortuous, discontinuous pore 
network for penetrating liquids and ions to fol-
low (Schießl and Lay, 2005, p.107;). This particu-
lar attribute is clearly beneficial when considering 
reinforced concrete structures exposed to chloride 
rich environments, as the duration required for 
chloride ions to reach the depth of reinforcement 
is significantly increased. One of the advantages 
of these SCMs is a reduction in heat omitted dur-
ing the early hydration process compared to that 
of PC, a long-term overall increase in compressive 
strength and, importantly for durability, an over-
all reduction in permeability to liquids (Bjegovic 
et al., 2012). This occurs as the latent production 
of C-S-H fills existing capillaries, acting to densify 
the concrete. The result is a more tortuous, discon-
tinuous pore network for penetrating liquids and 
ions to follow (Schießl and Lay, 2005).

According to Polder (2012) however, the poz-
zolanic reaction of GGBS is more rapid than for 
PFA. This results in higher compressive strengths 

and reduced chloride diffusion coefficients at ear-
lier ages. However, these are still inferior to that 
of OPC.

In addition to this, the chloride binding capac-
ity of PFA and GGBS appear to be considerably 
different. According to Arya and Xu (1994), it was 
found that the chloride binding capacity of GGBS 
blended concrete was significantly better than PFA 
blended concrete, with GGBS > PFA > OPC. This, 
in their opinion, is due to a difference in hydrox-
ide anion concentration, suggesting that the pH 
of a PFA blend develops more slowly than in a 
GGBS blend. Two other analyses, although not 
a direct comparison, do develop this idea further. 
Dhir et al. (1996; 1997) suggest that, in the case 
of PFA and GGBS, they both improve the bind-
ing capacity of the concrete by increasing the alu-
mina content within the pore fluid. This allows for 
larger quantities of Friedel’s salt, or bound chlo-
rides, to be produced. It is therefore possible that 
a larger quantity of alumina may be found in the 
products of the pozzolanic reaction of GGBS 
than PFA, resulting in the difference in binding 
 capacity. Glass and Buenfeld (2000b) suggest how 
differences in binding capacity can be quantified, 

Table 2. Advantages/disadvantages of 4-Point Wenner Probe.

Source Advantage Disadvantage

Bertolini et al., 
2004

–  Good correlation obtained between 
resistivity measurements at lower depths 
and that gained on the surface by this 
technique

–  Interference of reinforcement can severely 
reduce accuracy of results

Polder et al., 
2000

–  Quick
–  Allows entire concrete surface to be assessed
–  Can be done at any point in service life
–  Allows areas of high permeability to be 

quickly identified
–  Quality of workmanship achieved can be 

assessed at early age

–  Must be used in conjunction with other 
NDT methods, such as potential mapping, 
to ensure accuracy of interpretation

–  Cannot be performed on buried or sub-
merged objects

Berkeley and 
Pathmanaban, 
1990

–  Simple to complete
–  Non-destructive

–  Is an average evaluation down to a depth 
dictated by the spacing of electrodes; 
different to resistivity at the depth of 
reinforcement

–  Interference of reinforcement can severely 
reduce accuracy of results

–  Undulating surface of concrete can effect 
contact

Du Plooy et al., 
2013

–  Good repeatability of results possible
–  Commonly used technique
–  Can be used on a concrete surface of 

arbitrary geometry

–  Must be used in conjunction with other 
NDT methods to ensure accuracy of 
interpretation

–  Interference of reinforcement can severely 
reduce accuracy of results

AASHTO, 2011 –  Simple to complete
–  Good repeatability of results if  completed 

by same operator
–  No bias on the value of resistance achieved; 

can only be defined in terms of test method

–  Interference of reinforcement can severely 
reduce accuracy of results
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as their research suggests that high concentration 
gradients of total chloride ion by mass of cement 
suggest a high binding capacity.

It is clear that both the rate of the pozzolanic 
reaction and the chloride binding capacity are 
important when considering the penetration of 
chlorides, as the proportioning of cement blends 
have a significant effect on these intrinsic properties. 
Therefore, they cannot be treated in the equal nature 
that the current format of BS8500 would suggest.

The possible reason that this has occurred can 
be found in the lack of clarity presented in research 
based on the specification of a definitive replace-
ment percentage of SCM to PC for a specific 
environment. Andrade and Buják (2013) stated 
that there is currently not enough evidence to ‘pro-
duce a quantitative model in the case of blended 
cements, in particular because we do not know well 
how blended cements age’.

It would seem, therefore, there is a lack of spe-
cific research into the differences in intrinsic prop-
erties between different SCM blends of concrete 
with regards to resistance against chloride induced 
corrosion. This has resulted in the open ended 
approach to specification present within BS8500.

2 METHODOLOGY

2.1 Mix design

All concretes had an aggregate/cement ratio of 4, 
a sand/aggregate ratio of 0.5, and a cement:sand: 
aggregate ratio of 1:2:4.

Fine aggregate (sand) was 0–2 mm, and coarse 
aggregate 2–25.4 mm (Table 3). Mix 1 was PC at w/c 
ratios of 0.50, 0.55, 0.60 and 0.65. Mix 2 had PFA 

at cement replacements levels of 10–40%, Mix 3 had 
GGBS at cement replacement levels of 40–70%, 
and Mix 4 had SF at cement replacement levels of 
5–15%. Mixes 2, 3 and 4 had a w/c ratio of 0.6.

All mixes contained 7.54 kg sand and 15.08 kg 
coarse aggregate.

2.2 Casting

The cement replacements were mixed with water 
for 30 seconds. Then, sand, coarse aggregate, PC 
and one third of the water was placed into the pan 
mixer and was mixed for 120 seconds. Then, the 
remaining water was added, and mixed for a final 
120 seconds. Three 100 mm diameter × 200 mm 
high cylinders and six 100 mm3 cubes were cast to 
BS 1881-113:2011 for each mix design. The slumps, 
to BS EN 12350-2:2009, were between 10 to 45 mm. 
The concrete was vibrated in 2 layers on a vibrat-
ing table, and then covered with plastic sheeting. 
The specimens were de-moulded after 24 hours, 
and then cured in water curing tanks at (20 ±5) °C 
for 28 days until testing (BS 1881-113:2011).

2.3 Testing

The concrete compressive strength was measured 
at 7 and 28 days to BS 1881-116:1983.

The resistivity of 3 cylinders per mix design 
was measured with a ResiPod Resistivity Meter, 
a 4-point Wenner probe, according to AASHTO 
TP95-11 (2011). Surface resistivity was meas-
ured on 4 sides of the cylinder at 0, 90, 180, and 
270 degrees. The average resistivity was then cal-
culated. The bulk resistivity was also measured for 
each of the 3 cylinders.

The cylinders were sawn into 25 mm high discs, 
then placed in an oven at (40 ± 2) °C for 7 days 
until a constant weight was achieved. They were 
placed in (2 ± 1) mm water, and weighed after 
12 min, 30 min, 1 h, 2 h, 4 h and 24 h according to 
BS EN 13057:2002.

3 RESULTS

3.1 Compressive strength

The results of concrete compressive strength at 7 
and 28 days is shown in Figure 1 and Table 4. As 
expected, for the PC concretes, for an increase in 
w/c ratio, there is a corresponding decrease in com-
pressive strength. For the PFA mixes, an increase 
in PFA causes a decrease in compressive strength, 
at 7 and 28 days, as expected.

For the GGBS mixes, strength development is 
slower compared with PC concrete, but increases 
at 28 days, again as expected. Compressive strength 
at 7 days is similar for the SF mixes, but the higher 

Table 3. Mix designs.

Mix
W/C 
ratio

Water 
(kg)

PC 
(kg)

PFA, GGBS, 
SF (kg)

1 PC 0.5 1.89 3.77 –
0.55 2.07 3.77 –
0.6 2.26 3.77 –
0.65 2.45 3.77 –

2 PFA 0.6 2.26 3.39 (10%) 0.38
2.26 3.02 (20%) 0.75
2.26 2.64 (30%) 1.13
2.26 2.26 (40%) 1.51

3 GGBS 2.26 2.26 (40%) 1.51
2.26 1.89 (50%) 1.89
2.26 1.51 (60%) 2.26
2.26 1.13 (70%) 2.64

4 SF 2.26 3.58 (5%) 0.20
2.26 3.39 (10%) 0.38
2.26 3.21 (15%) 0.57
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Figure 1. Compressive strength of mix designs at 7 and 
28 days.

Table 4. Summary results for compressive strength, resistivity and water absorption.

Mix

Comp. strength (MPa)

Surf. res. kΩcm Bulk res. kΩcm Abs. kg/m2/hr0.57 d 28 d

W/C 0.5 36.9 45.4 9.58 31.60 38.84
W/C 0.55 32.0 39.5 9.41 29.23 47.50
W/C 0.6 25.8 34.1 9.36 30.73 59.13
W/C 0.65 20.0 25.5 7.90 29.57 62.38
PFA 10 22.3 31.4 10.69 36.50 85.57
PFA 20 19.8 25.9 13.76 43.67 57.01
PFA 30 13.8 22.8 17.49 56.23 54.70
PFA 40 10.3 20.4 21.88 68.6 85.57
GGBS 40 21.3 35.0 37.37 68.57 10.11
GGBS 50 21.6 38.9 46.52 155.9 6.56
GGBS 60 19.7 29.5 56.90 197.3 12.16
GGBS 70 18.9 31.4 76.63 269.6 9.24
SF 5 26.0 41.8 21.82 71.63 7.32
SF 10 25.6 44.5 40.30 144.2 5.35
SF 15 26.5 47.9 67.90 229.1 4.23

proportions of SF begin to manifest themselves as 
higher compressive strengths at 28 days.

3.2 Resistivity

The results for surface and bulk resistivity are pre-
sented in Table 4 and Figure 2.

3.2.1 Effect of w/c ratio on resistivity
With increased w/c ratio from 0.5 to 0.65 for the 
PC mixes, surface resistivity decreased slightly, as 
was expected (Castro et al., 2011). On the other 
hand, bulk resistivity however, remained relatively 
unchanged, around 30 kΩ ⋅ cm.

3.2.2 Effect of PFA/GGBS/SF on resistivity
The surface resistivity of the PFA concretes 
increased from 9.36 kΩ ⋅ cm (0% PFA) to 21.88 
kΩ ⋅ cm (40% PFA), as expected (Saraswathy and 
Song, 2007). Bulk resistivity also increased from 
30.7 kΩ ⋅ cm to 68.6 kΩ ⋅ cm respectively.

Surface resistivity of the GGBS concretes increased 
from 93.6 kΩ ⋅ cm (0%) to 76.63 kΩ ⋅ cm at 70%, and 
for bulk resistivity from 30.7 to 269.6 kΩ ⋅ cm, again 
as expected (McNally and Sheils, 2012).

The surface resistivity of the 15% SF concrete 
was 67.9 kΩ ⋅ cm, increasing from 9.36 kΩ ⋅ cm for 
the 0% SF mix. The bulk resistivity for SF concrete 
increased considerably, up to 229.1 kΩ ⋅ cm for the 
15% SF, almost eight times higher than that of the 
PC concrete.

Table 5 shows, where surface resistivity of the 
PC concretes are <12 kΩ ⋅ cm, they are all classed 
as having a ‘high’ chloride ion penetrability. Addi-
tionally, the surface resistivity of the 10–40% for 
PFA concrete is between 11 to 22 kΩ ⋅ cm, resulting 
in these concretes being classed as ‘moderate’ for 
susceptibility to chloride ion penetrability. Thereaf-
ter, the GGBS, penetrability is classed as ‘low-very 
low’, whilst lastly, the addition of SF results in 
concretes possessing an even greater resistance to 
the penetrability of chloride ions.

3.3 Water absorption

3.3.1 Effect of w/c ratio
As expected, with an increase of w/c ratio, water 
absorption increases. Specifically, the water absorp-
tion of 0.5 w/c ratio concrete is 39 kg/m2 ⋅ h0.5. When 
the w/c ratio raised to 0.65, its absorption almost 
doubled to 63 kg/m2 ⋅ h0.5.

3.3.2 Effect of PFA/GGBS/SF 
on water absorption

The results for the PFA blended concretes are less 
conclusive, demonstrating 85 kg/m2 ⋅ h0.5 for both 
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the 10% and 40% PFA replacement levels but, 
they dip in between. Water absorption would be 
expected to decrease with increasing PFA replace-
ment, hence the 40% result could be an anomaly. 
Another reason could be the slow development of 
PFA concretes compared with traditional PC con-
cretes, and at this 28 days the concrete matrix has 
not fully formed.

The water absorption for the GGBS concrete is 
similarly inconsistent, but all the values are lower 
than the reference PC concrete with a value of 
59.1 kg/m2 ⋅ h0.5.

The water absorption of the 15% SF concrete 
is the lowest of all the concretes at 4.2 kg/m2 ⋅ h0.5, 
with 5% SF resulting in a water absorption of 
7.3 kg/m2 ⋅ h0.5, illustrating that even a very small 
proportion of SF is very effective at reducing water 
absorption.

4 CONCLUSIONS

It is clear that the concretes investigated here with 
a lower w/c ratio have a higher 28 day compres-
sive strength and resistivity, and a lower water 
absorption.

PFA can increase resistivity with this effect 
increasing at higher PFA content. This is when 
making a comparison of concretes at equal w/c 
ratios and test age. The resistance of these concrete 

to water absorption is less clear when reviewing the 
current data set.

GGBS considerably increases the resistivity, with 
increased GGBS content being increasingly effec-
tive. Water absorption was found to decrease how-
ever, although no further overall improvements in 
performance were observed with increasing GGBS 
from 40%–70%. Taking these factors into account, 
GGBS seems an appropriate additive to improve 
concrete long-term resistivity and water absorp-
tion, even at low replacement rates.

In comparison, the addition of SF seems the 
ideal cement replacement to improve concrete 
compressive strength, resistivity and resistance to 
water absorption, again, even at low replacement 
rates.
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An investigative study into the application of Non-Destructive Testing 
techniques for integrity assessment of RC piles

E. Okwori, P. Moyo & K. Matongo
Department of Civil Engineering, University of Cape Town, Cape Town, South Africa

ABSTRACT: Traditional methods of pile integrity assessment do not provide adequate information 
regarding the in-situ properties of RC piles. Non-Destructive Testing (NDT) methods offer the advan-
tage of providing information regarding the in-situ integrity of RC piles in a non-evasive manner. The 
sonic echo method is one of the useful NDT’s employed in the integrity evaluation of RC piles. How-
ever, researchers have stated that the method is not devoid of limitations, thus hindering its effective 
application.

This investigative study presents an experimental evaluation of the effectiveness of sonic echo tech-
nique in defect detection in RC piles. The main objectives of the study are pattern characterization of 
defects in piles and an identification of the more critical influence between defect size and defect location 
in defect detectability. Details of experimental mock-up pile specimens consist of nine piles with 0.24 m 
diameter and 3.22 m in length with necking, honeycombing, building defects and an undamaged pile. 
Findings from a comparison between wave signals of non-defective and defective piles indicate that neck-
ing, honeycombing and bulbing defects can be distinguished from each other and are clearly identifiable. 
Also defect detectability was observed to decrease with decreasing defect size. Conclusively sonic echo 
technique is observed to remain a useful method for troubleshooting problems with existing RC pile foun-
dations and is highly effective for quality assurance of new pile constructions.

Keywords: pile integrity; non-destructive testing; low strain (sonic echo method); Reinforced Concrete (RC)

A number of factors influence the development 
of damages in these piles, these factors result from 
a combination of weak ground conditions, and pile 
construction and installation processes.  Reinforced 
concrete piles in specific may be damaged or flawed 
due to influences such as concrete casting, long-
term loading, and harsh environmental conditions 
(Klingmuller & Kirsch, 2002).

This influences lead to the development of 
flaws, namely bulbs, necks, waists, expansions, 
and steps amongst others in piles. The property 
of the piles that determines its functionality and 
performance, while also giving an indication of the 
pile’s integrity, is the, piles continuity in physical 
dimensions and consistency of its material (Brad 
Hessing, 2012). A derivation in a pile’s integrity 
may prevent it from performing its intended func-
tion; flaws/defects play a major role in causing 
deviations in the integrity of piles (Sellountou & 
Alverez, 2011), (Trivedi & Misra, 2012). In retro-
spect of this, the need for piles to be tested and 
inspected is necessary to avoid failure (Esfahari & 
Ramirez, 2003). To guarantee the safety of the 
superstructure and the end users, piles need to be 
tested. Their structural soundness, which includes 

1 INTRODUCTION

Civil infrastructures such as bridges, dams, high-
rise buildings, largely depend on the use of piles, 
for support. In addition they are used for under-
pinning works, for example in marine facilities 
as temporary platforms to facilitate construction 
work and especially in abnormal soil or ground 
conditions. Deep foundations in one way or the 
other play a significant role in determining safety, 
stability, and structural reliability of civil infra-
structures, which they support. Therefore it is very 
crucial and important that these piles are sound 
and structurally intact. Because if  for any reason 
the structural integrity of these supporting struc-
tures are in jeopardy, failure may occur. The integ-
rity of piles may be compromised if  and when they 
become dysfunctional from damages/defects and 
when they can no longer perform their intended 
function. Resulting from an inability to be readily 
accessed for repair and improvement works, quality 
control and remedial works become quite expen-
sive and time consuming. This inevitably impacts 
negatively on the integrity of the super-structure 
being supported (Ernst & Taffe, 2006).
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consistency in pile dimensions/geometry, strength 
and absence of flaws or defects in a pile, must be 
verified. Tests, which can be performed to ensure 
soundness of piles, include bearing capacity tests, 
integrity of pile tests, settlement of pile under 
load, load testing etc. In light of the above, vari-
ous methods of testing the integrity of piles exist. 
These methods vary from time consuming expen-
sive traditional methods such as static analysis, 
probe piles, dynamic formulae, static testing to 
cost effective more sophisticated methods such as 
low strain integrity testing methods which include 
(sonic echo, pulse echo, impact echo), cross hole 
(single hole) ultra sonic testing, gamma logging, 
Cross-hole Sonic Logging (CSL), Wave Equation 
Analysis for Piles (WEAP), CAPWAP analysis 
(Garland, Frank, & Mohamad, 1990).

Traditional methods of testing and quality 
assurance of piles largely involve visual inspec-
tions of the construction process and coring 
tests. This approach is effective in the detection 
of localized damage and flaws, but not as much 
in the detection of general or widespread dam-
ages. In addition, coring causes damages to the 
structure, which has to be repaired, and becomes 
a focal point for the propagation of damages and 
deterioration of piles. This disadvantage with the 
traditional methods led to use of  non-destructive 
methods of testing of piles. These methods do not 
cause structural damage to the piles. The use of 
non-destructive methods for assessment provides 
information regarding the location and extent 
of  defects in piles. Non-destructive methods are 
applied in the assessment of piles during qual-
ity assurance tests of  new piles; troubleshooting 
of problems with new and existing piles, condi-
tion evaluation of older piles for retrofitting and 
remedial action (ASTM D5882-07, 2013). Non-
destructive testing has been applied in the integrity 
evaluation of piles since the 19th century (Sans-
lone & Carino, 1997). The methods and principles 
applied, however, are still evolving. Some exam-
ples of  non-destructive tests which are applied to 
the integrity evaluation of piles are: sonic echo, 
impact echo, log-impedance, sonic-logging, seis-
mic echo, gamma-gamma and a host of  other 
methods (ASTM, 2004). Non-Destructive Testing 
(NDT) has become an essential component of pile 
construction quality assurance. Its very existence 
has improved the front end of the quality assur-
ance process (Hertlien & Davis, 2006). However 
a drawback on the use of  NDT’s in pile integrity 
evaluation is the inability of  current methods in 
use, to provide information on the entire pile cross-
section (George & Dean, 2010). Sonic echo tech-
nique among other methods is cheap, fast, reliable 
and provides information regarding the entire pile 
cross-section. Although during testing, variations 

in type of defect, size, and location may lead to 
complicated signals, which are difficult interpret.

In light of this, an experimental program is car-
ried out to investigate the effectiveness of Sonic 
echo technique, in identification of defect type 
using sonic echo signals and an identification of 
the more critical influence between defect size and 
location. Towards increasing the understanding of 
variations in defect occurrence and further to help 
the interpretation of complicated signals during 
pile integrity assessments.

2 SONIC ECHO TECHNIQUE IN PILE 
INTEGRITY ASSESSMENT

Sonic echo technique is a non-destructive assess-
ment technique for piles based on the principle 
of stress wave propagation in elastic medium. 
The technique was developed in the early 19th 
century and became commercially operational in 
the late 19th century (Sansalone & Streett, 1992). 
The technique measures the uniformity of the 
pile’s physical dimensions and the consistently of 
the pile’s material. The sonic echo technique also 
known as low-strain pile integrity testing method 
is conducted from the top (upper side) of the 
pile. Test equipment includes a hammer, receiver 
(geophone/accelerometer) mounted on the top of 
the pile, and a data acquisition system. The tech-
nique involves the generation of wave energy by 
means of a mechanical impact (hammer impact). 
The resulting compressive stress wave propagates 
through the pile until it arrives at the pile bottom. 
The compressive waves are reflected off  disconti-
nuities/irregularities or the end of the pile and the 
reflected wave, travels back to the pile top. The 
receiver measures the vibration response of the pile 
to impact. The data collection platform acquires, 
processes and displays the received outputs. Pile 
integrity is evaluated by identifying and analyz-
ing the arrival times, direction and amplitude 
of reflections measured by the receivers in time 
domain. Figure 1 shows a pictorial representation 
of the sonic echo setup consisting of the hammer, 
accelerometer/geophone and the recording device/ 
portable computer.

The results of the tests are presented as either 
velocity versus time (time domain) plots or accel-
eration amplitude versus frequency (impulse 
response) plots. Figure 2 shows a typical velocity 
vs. time plot and Figure 3 shows mobility vs. fre-
quency plot. The presence of a defect causes appar-
ent reflections to occur prior to the toe response in 
the time domain. When these reflections are of the 
same sign as the toe response they are usually asso-
ciated with a relative decrease in impedance of the 
pile. When the reflections are opposite in sign to 
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quality can also be determined by measuring the 
difference in frequency between individual peaks. 
The presence of irregular peaks of unequal value 
as the mobility function of the frequency usually 
indicates a pile with change in cross-section (Jaro-
slaw, Lukasz, & Krzysztof, 2008).

Note: the orientation of the impact impulse is 
positive based on the ASTM standard orientia-
tion. It can also negative.

2.1 Principle of sonic echo technique

A disturbance in a solid (reinforced concrete pile) 
causes the entire body of the solid to respond by 
accelerating linearly or angularly. The applied force 
causes deformations in the solid body resulting in 
the generation of stress waves. When the deforma-
tion is in the elastic range the applied force is rapid 
and changes with time. Three types of stress waves 
propagate in a solid i.e. Compression wave (P-waves), 
Shear waves and Rayleigh waves.  Particle motion at 
wave front for P-waves is parallel to propagation 
direction, which produces compressive or tensile 
stress. For shear waves motion is vertical to propa-
gation direction resulting in shear stress. R-wave has 
an elliptical particle motion. P-waves travel at the 
highest velocities (Sadri & Mirkhani, 2009).

The characteristics of compressive stress waves 
during the process of propagation in an ideal 
 linear elastic medium i.e. reinforced concrete 
piles can be described by either kinematics of 
deformation theory (Wang, 2004). Kinematics of 
deformation  theory is based on the propagation 
of one- dimensional (1D) wave, which is detailed 
mathematically below as in 2.2.

2.2 1D wave propagation (kinematics 
of deformation theory)

The basic assumptions which in the kinematics of 
deformation theory:

a. The wavelength is equal to or larger than the 
pile diameter

b. The pile cross section A is constant, young’s 
modulus E and mass density are homogeneous.

c. Pile cross-sections remain plane, parallel and 
uniformly stressed

d. Lateral inertia effects are negligible

Consider an element along a reinforced concrete 
pile. Stresses acting on the element are denoted by 
σ  and σ δσ δδ(δσσδδ )x dδ ) xdd . The unbalanced force on 
the element is ( / )δ //δ x d)δ xdd . Let the particle dis-
placement be denoted by U, the particle velocity 
by δ δtδ δδ δ ′, the particle acceleration by δ δ2 2δ δδ tδδδδδδδδδ  and 
the strain ε δ δy ( /δ )xδ/δδ .

Summation of forces and stresses acting on the 
element are based on newtons second law of motion 

Figure 1. Sonic echo testing setup (Huang & Ni, 2012).

Figure 2. Velocity vs time signal trace of pile intergrity 
test (ASTM, 2004).

Figure 3. Amplitude vs frequency signal trace of pile 
intergrity test (ASTM, 2004).

the toe reflection the reflections are due to a rela-
tive increase in pile impedance.

In the frequency domain the difference between 
the maximum peaks on the curve is calculated and 
used to generate the length of the pile. The concrete 
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force is equals the product of mass and accelera-
tion. Figure 4 shows the diagrammatic expression 
of force and stresses acting on the pile element.

The summation of the stresses in the pile element 
using newton’s second law of motion is given by

− + + ( )( ) ( ) ( )σ σ+ ( δ ρ) ) (x x(σ σ+ ( dρ= x(dd/δ )δδ ) * (dx(d (() (
 (1)

Eliminating common terms on both sides of the 
equation we obtain

δ ρδ ρδ( )δσ x ( )δδ ( )δtδtδδ  (2)

Assuming a linear relationship between stress 
and strain where analyzing the wave propagation 
Young’s modulus (E) can be used to simplify the 
equation

E x= σ εx /  (3)

Since strain is the ratio of displacement to change 
in length ε δ δ xδuδδ /  replacing the strain with the 
new modification the young’s modulus becomes

E u ux xuuσ δuux u δ σ δ δu/δ xxx /xσ δ x )  (4)

Therefore the stress σ δ δxσσ xδ( /δuδδ ) substituting 
in equation 4 above the resulting equation is given 
by δ ρ /δ xδδ ρρ( )δ ( )δ ^δ ^δ ^δ ^ ( )δ ^ 2tδδ  which may be 
rewritten as

ρ/ //ρ/ρ( )δ ( )δ ^δ ^tδδδ ( )δ ^ Uδ ^ ( )δ 2δ ^xδ( )
= ( )δ ^δ ^ 2tδδδ c ^ 2( )δ ( )2( ) = ( )δ 2δ ^ uδ 2δ ^ /// ( )^δ 2  (5)

Which may be called one-dimensional wave 
 equation and wave velocity c = √( /E )ρ/ )) (may be 
written as c E_ /√( )

y (
/( )( ) √ ( )1() ) √ ((

( )1 ( )1 2( )))( ))1 2− ρ)  considering the passion ratio of 

the material) the equation is a second order dif-
ferential. D’ Alembert solution to the equation is 
given by

u t x ct( ,x ) ( ) ( )+x(ψ φx ct( ) (−x ((  (6)

u t( ,x ) Represents displacement
ψ ( )ψ  Represents a downward traveling wave 

at speed c in x direction
φ( )φ  Represents an upward travelling wave 

at speed c in x direction
The downward velocity at a mass point in a pile 

may be denoted by v1 and is given by

v
t

c1 = = −
δψ

δt
ψ cc

( )x ctψψ  (7)

Since stress = force (p)/area (A) therefore force 
(p) = stress * area and stress from equation 3 is 
written as σ εE  the downward force or stress is 
therefore given by P1 = εAEε  rewriting P1

p
x

AE AE1 = − ( )x ct⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠ = −

δψ (
δ x

ψ AA  (8)

Substituting in 8 v p c AE1 1p /A  therefore 
p zv1 1( )C v1C vAEAE .

The upward velocity at a mass point in a pile 
may be denoted by v2 and is given by p zv1 1zv .

The total velocity in the pile is given by

v t
u
t t t

v v( ,x ) ( )x ct ( )x ct
= = +⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

= +v
δu
δt

δψ (
δt

δφ
δt 1 2v

The total force in the pile is given by

p AE
u
t x x

P P

( )x ct ( )x ct( )x t, = +⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

= P

δu
δt

δψ (
δ x

δφ
δ x

1 2PPPP

3 EXPERIMENTAL INVESTIGATIVE 
STUDY

This investigative study is carried out by analyz-
ing the propagation of elastic stress waves based 
on sonic echo testing on the surface of nine piles. 
The study involves comparing test results from a 
non-defective pile and eight defective piles. In this 
way the effectiveness of the sonic echo technique in 
detecting the type and nature of defect is assessed.

3.1 Pile specimens

Nine (9) reinforced concrete piles, having the same 
dimension, mix design, reinforcement type and 

Figure 4. Cross section showing pile element with stress 
distribution (Jian-hua, Yuan & Liu, 1999).
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boundary conditions, were tested. The control pile 
(non defective) consisting of no defect, three piles 
with necking defects, three piles with honeycomb-
ing defects and two piles with bulbing defects. The 
decision of comparing tests results of the non-de-
fective pile against the defective pile arises from the 
need to provide knowledge of the inner composi-
tion of pile integrity and defect nature, which are 
frequently affected by uncertainties.

The piles are circular with length of 3200 mm 
and thickness of 250 mm, and they are reinforced. 
Table 1 shows the defect locations and  Figure 5 
shows the pictorial location of the defects.

A pictorial presentation of the defects investi-
gated are detailed in Figures 6,7 and 8.

3.2 Test equipment

Test equipment used in carrying out sonic 
echo testing on the piles include basically the 
following

a. Olson freedom data PC (Testing and analysis 
software)

b. Impulse hammer

c. Accelerometer
d. Connection cables between receivers and free-

dom data pc.

3.3 Testing parameters

During the propagation of compressive stress 
waves through an elastic medium i.e. reinforced 

Table 1. Table indicating defect type and location.

Defect type 
induced in pile

Defect location (Depth from pile 
top)/No. of piles per defect

Pile 1 
(Top)

Pile 2 
(Middle)

Pile 3 
(Bottom)

Control pile – N/a N/a
Neck 0–0.6 m 1.6 m 2.8–3.2 m
Bulb 0–1 m 1.5–2 m N/a
Honey 

combing
0.4–0.8 m 2–2.4 m 2.4–2.8 m

Figure 5. Showing defective zones in mock-up labora-
tory piles.

Figure 6. Necking defect.

Figure 7. Bulbing defect.

Figure 8. Honeycombing defect.
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concrete, which is used in evaluation of integrity 
in reinforced concrete piles through detection of 
anomalies. Certain properties of the stress waves 
are critical for identification, location of defects, 
assessing p6bvz sensitivity and resolution of the 
system to locate anomalies (Nelligan, 2013). These 
properties include basically wavelength, frequency 
and velocity of the wave. The relationship between 
these properties is given by

Wavelength
Velocity

Frequcncy fc
( ) ( )v

)f
λ ) =  (9)

λ : ( ), : ( : ( )m( v y m( s f),mm f y H( zHH

For reinforced concrete piles the velocity of 
wave propagation through the pile is fixed due 
to the velocity been a material characteristic of 
the medium. It depends on the properties of the 
concrete arising from type and size of aggregate, 
cement etc. The typically velocity of wave propa-
gation in reinforced concrete pile varies between 
3500 m/s – 4600 m/s for reinforced concrete with 
good quality (Finno & Gassman, 1998).

A conclusion from the relationship above indi-
cates that an increase in frequency will lead to a 
corresponding decrease in wavelength. Hence dur-
ing testing with sonic echo, the frequency for data 
sampling is critical in order to control the wave-
length. The wavelength used possesses a signifi-
cant effect on the probability of detecting a defect. 
A general principle adopted during testing states 
that defect size must be approximately equal to 
or larger than the wavelength of the propagating 
wave to stand a reasonable chance of detectability 
 (Carino J, 2004). Table 2 shows the testing param-
eters for the piles.

The minimum detectable defect size based on 
the rule of  thumb stated by Carino J, (2004) and 
the testing parameters stated in Table 2 is given 
as λ = ≈0 078 0 08. .078 0 m  which is less than or equal 
to the size of  all defects been investigated in 
this study, which makes the sampling frequency 
and velocity of  the stress wave suitable for the 
investigation.

4 RESULTS

Results of the sonic echo tests performed on the 
piles shown in Figures 9, 10 and 11. It can be 
noticed that sonic echo is able to recognize neck-
ing, honeycombing and bulbing defects).

Necking defect details as presented below in 
Figure 4 showing an undamaged pile, 63% necking 
located between 1.5 m–2 m, 42% necking located 
between 0 m–0.6 m, and 23% necking located 
between 0 m–0.6.

Honeycombing details as presented below in 
 Figure 10 showing wave signals of undamaged pile, 
63% honeycombing located between 1.5 m–2 m, 
42% honeycombing located between 0 m–0.6 m, and 
23% honeycombing located between 0 m–0.6 m.

Figure 11 shows wave signals of bulbing defects 
details include undamaged pile, 50 % bulbing at 
1.5 m–2 m, 12 % bulbing at 0 m–0.6 m.

It is assumed that the defect and toe reflec-
tion impulse magnitudes are less in relation to the 

Table 2. Testing parameters.

Parameter Value

1 Sampling rate 20 us
2 Record size 2048
3 Number of records 3
4 Trigger level +/−0.5
5 Trigger delay 1000
6 Wave velocity 3900 m/s
7 Filter Low-pass filter Figure 9. Comparing sonic echo signals of undamaged 

pile and piles with necking defects.
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Figure 10. Sonic echo signals of undamaged pile and 
piles with honeycombing defects.

impact impulse magnitude in practical situations. 
This however does not appear exactly true when 
observing the above wave signals. It crucial to note 
that this still holds as the magnitudes of reflec-
tion are negative in sign convention resulting in 
the larger magnitude having a smaller amplitude 
parameter or value.

Following this reasoning the defect reflections 
and corresponding toe reflections of each necking, 
honeycombing and bulbing pile are calculated as 
a percentage of the impact impulse to show how 
much variation in impedance exists between neck-
ing, honeycombing and bulbing defects of various 
magnitudes. Figure 12 below shows the normal-
ized defect and corresponding toe reflections from 
necking defects.

Figure 11. Comparing sonic echo signals of undam-
aged pile with bulbing piles.

Figure 12. Normalized defect reflections from necking, 
bulbing, and honmeycombing piles in decseding order of 
magnitude.

Results from waves signals have pointed out 
that a negative (−) positive (+) blip (compressive 
tensile) signal is identified at the location of neck-
ing defects see figure 9 above, a low amplitude 
 negative (−) blip in the wave signal is identified the 
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location of honeycombing defects see figure 10 
above, and also a positive (+) negative (−) positive 
(+) blip (tension compression tension) is indicative 
of a bulbing defect as seen in figure 11. Simply 
put the variations in waves signals for the different 
defect can be attributed to variations of impedance 
resulting from a decrease/or increase in cross sec-
tional area. From Figure 12, it can also be deduced 
that as defect magnitude decreases, its detectability 
also decreases. Indicating 4 that defect magnitude 
having more influence on defect detectability com-
pared to defect location.

5 CONCLUSION

In conclusion sonic echo technique is perceived 
to remain a useful tool in integrity evaluation, 
quality assurance and troubleshooting of prob-
lems with reinforced concrete pile foundations 
nondestructively.

This investigative study has helped to increase 
knowledge regarding the detectability of defects 
via their patterns and also helps to improve the 
front end of pile integrity evaluations using sonic 
echo technique by identification of the more criti-
cal influence on defect detectability in piles.
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ABSTRACT: Asphalt concrete facing slabs have been widely used as anti-seepage structures worldwide 
in Pumped-Storage Plants (PSP). In China a great many PSPs are going to be built in the next 5–10 years 
according to the national PSP developing plan to meet the increasing need for power and energy. Huhhot 
PSP which was built in 2013 in Inner Mongolia in North China where the weather is very cold, the anti-
fracture property of the asphalt concrete in low-temperature is the critical issue to be solved to use asphalt 
concrete as seepage-proof facing slabs. In this paper, firstly the developing process of construction tech-
nology of asphalt concrete facing slab in China as well as its application in home and abroad are briefly 
introduced. Then three main issues in paving asphalt concrete facing slabs in Huhhot PSP, namely, the 
anti-fracture design for asphalt concrete slab in low temperature, the compaction technology of imper-
meable layer with modified bitumen and the construction technology in low temperature are addressed. 
Finally the technical difficulties and solutions in building the asphalt concrete facing slabs in the upper 
reservoir in Huhhot PSP are summarized. The success of building asphalt concrete facing slab in Huhehot 
project indicates that the technology is reliable and can be applied in other similar projects in China.

such as Tianhuangping, Zhanghewan, Baoquan 
and Xilongchi. According to incomplete statistics, 
over 80 PSPs have adopted asphalt concrete facing 
slabs as the imperious body, and these power sta-
tions are mainly distributed in German, Sweden, 
Norway, France, USA, Japan and China.

1.2 The technology development 
of asphalt concrete facing slab

The development of asphalt concrete facing slab 
in China can be classified into 3 stages: the explo-
ration stage, the corporation stage and the self-
 innovation stage.

During the exploration stage (1970∼1980), because 
of lack of key technology related with the asphalt 
concrete mixing design, construction equipment and 
construction method, and because of the bad quality 
of bitumen, most of the asphalt concrete facing slabs 
built in this stage encountered problems of flowing-
cracking and joints cracking, etc. They would lead to 
severe leakage and affect the safety of project. This 
caused many doubts to applications of asphalt con-
crete in projects of China, and made the development 
of asphalt  concrete facing slab fall into a very difficult 
period. The construction of related-projects applying 
asphalt concrete almost stopped and some projects 
even had to replace the asphalt concrete facing slab 
with other type of imperious body (like Niutoushan 
in Zhejiang, Chebahe in Hubei).

1 INTRODUCTION

1.1 Applications of asphalt concrete facing 
slabs in PSPs

Asphalt concrete has an excellent anti-seepage 
performance and deformation properties adapting 
to the foundation and temperature. No structural 
joints are needed in the construction of asphalt fac-
ing slabs thus it has a fast construction speed. Also 
it is nontoxic and environment-friendly, and has a 
good durability. Asphalt facing slabs are a good 
choice for the imperious body of rock-fill dams 
and have been used on dams since 1930s in foreign 
countries. Asphalt Core Rock-Fill Dams (ACRD) 
were considered as one of the most suitable type 
for high dams on the 16th International Confer-
ence on Large Dams (ICOLD) in 1988. Because 
of the good anti-seepage performance, excellent 
adaption to rough topography and variation of 
water level, asphalt concrete facing slabs had been 
used as imperious body in the upper reservoirs of 
PSP’s [1]. It is noteworthy that all of the imperious 
bodies of PSP’s upper reservoir in west-European 
have been built with asphalt concrete facing slabs 
since 1975. In China, this technology was first 
adopted in dams in 1970s, and had been applied 
in 26 Asphalt Concrete Facing Dams (ACFD) up 
to 1990. After 1990, asphalt concrete facing slabs 
were mainly applied as the imperious body in PSPs, 
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From 1990 to early 21th century, some domes-
tic asphalt concrete facing slab projects began to 
open to foreign companies and the development of 
asphalt concrete in China went the into corpora-
tion stage. The typical projects were Tianhuang-
ping, Zhanghewan and Xilongchi. These projects 
were constructed by foreign companies or by Sino-
 foreign corporations, e.g., Tianhuangping were 
constructed by Strabag (German) and Zhanghewan 
and Xilongchi were constructed by Taisei (Japan). 
However, the key technology was still grasped by 
foreign companies and was not learned by China, 
although related Chinese companies had taken part 
in these construction projects. But by participat-
ing in these projects, the Chinese technicians mas-
tered a general knowledge of the foreign advanced 
 technology. The asphalt concrete construction tech-
nology began to step into the self- innovation stage 
with the progress in material technology.

The self-innovation stage lasts from 2006 to now. 
During this stage, in order to improve the asphalt 
concrete facing slab technology, the  Chinese 
research institutes have studied the anti-seepage 
performance, deformability, thermo-stability, 
water stability and durability of asphalt concrete 
facing slab and applied them in Nangudong and 
Baoquan projects. Chinese technicians have devel-
oped an integrated technology of asphalt concrete 
facing slab including mixture design method with 
structure-stability theory as its core theory, con-
struction technology and equipment. The tech-
nology has been used successfully. The Baoquan 
project was the first large asphalt concrete facing 
slab project which was fully designed and con-
structed by domestic companies. Its success plays 
an important role in guiding and promoting the 
construction of asphalt concrete facing slabs in 
China and ends the dependence of China on for-
eign companies in asphalt concrete technology.

With the improvement in the quality of domes-
tic bitumen and in the key technology of asphalt 
concrete facing slabs, the ACFD projects of 
China have expanded from south China to north 
China. In north cold region, because of the low 
temperature, cracks are prone to occur in con-
ventional reinforced concrete facing slabs and the 
water proof in the joints are prone to fail, leading 
to seepage through the dam. So asphalt concrete 
facing slab is the first choice in cold region for its 
good performance in resisting frozen-fracture and 
no joints in construction, although the unit price is 
relatively high. For instance, the Xilongchi project 
started in 2005 and the Baoquan projects started 
in 2006 both adopted asphalt concrete slabs as the 
impervious body.

The Hohhot PSP upper reservoir is located in 
cold region, where the annual average tempera-
ture is 1.1°C and the extreme lowest temperature 

is −41.8°C, which is the lowest temperature of the 
PSPs built and under construction worldwide. 
Asphalt concrete facing slab was adopted as the 
anti-seepage structure of the whole upper reservoir. 
The anti-seepage performance of asphalt concrete 
facing slabs is the key to success of the upper reser-
voir. The key technical problems and solutions are 
summarized in this paper.

2 KEY TECHNICAL PROBLEMS OF THE 
ASPHALT CONCRETE FACING SLABS 
OF HOHHOT PSP UPPER RESERVOIR

The Hohhot project has a lot of difference with the 
other domestic project in mixture design and con-
struction controls, its difficulty are mainly in the 
following three points.

1. Low temperature cracking-resistance is diffi-
cult to reach. The Hohhot PSP upper reservoir 
is located in cold region in China, where the 
weather condition is very bad and air tempera-
ture is very low in winter. Asphalt facing slab 
is on the surface of the dam, so it bears not 
only the stress caused by water level change, 
but also the thermal stress caused by tempera-
ture difference. So, asphalt concrete slabs must 
have good performance of cracking-resistance 
in low temperature. When the water level in the 
reservoir falls in winter, Especially when the 
cold wave occurs, asphalt concrete facing slab 
will shrink and generate thermal stress because 
of the low air temperature. When the tempera-
ture of asphalt concrete is decreasing, the upper 
layer of the slab will shrink but the shrinkage is 
restrained by lower layers and foundation, thus 
tensile stress in the facing slab will occur. When 
the tensile stress is beyond the tensile strength, 
cracking will occur. According to the data, the 
lowest temperature the asphalt concrete fac-
ing slab project abroad experienced is −35°C 
at Oscheniksee reservoir in Austria. The dam 
height was 81 m and asphalt concrete facing 
slab was adopted as the impervious body on 
upstream face. A lot of cracks were found in 
the facing slabs leading to the dysfunction of 
the project after a cold wave in which the low-
est temperature was almost −35°C. The extreme 
low air temperature of Xilongchi project in 
China is −34.5°C and it adopted modified 
bitumen and construction technology of Tai-
sei company of Japan in building its impervi-
ous layer. The fracture temperature of the 
impervious layer asphalt concrete inspected on 
site is −39°C and Xilongchi project is running 
well now. The extreme low air temperature of 
Hohhot project is −41.8°C and the designed 
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fracture  temperature is no greater than −43°C. 
There is no experience for us to refer to under 
such extreme condition.

2. It is difficult to make the porosity of the imper-
vious layer less than 3%. Modified bitumen is 
applied in the asphalt concrete facing slabs of 
Hohhot PSP upper reservoir and the bitumen 
content is high (more than 7%). Related stud-
ies indicate that compared to unmodified bitu-
men, modified bitumen has a higher viscosity 
(Picture 1), thus a higher construction tempera-
ture is needed for the impervious layer to ensure 
the compaction effect. So it is difficult to meet 
the key requirement for porosity of the impervi-
ous layer, which is less than 3%, especially at the 
joints between layers. It can be seen from the 
on-site paving experiment that the porosity of 
impervious layer is difficult to reach regulated 
values after compaction. Most measured poros-
ities of asphalt concrete are close to the upper 
limit. Some porosities of concrete at joints are 
even higher than the upper limit. How to solve 
this problem during the large scale construc-
tion is very important. Because study results 
and construction practice indicate that asphalt 
concrete will suffer leakage and poor durability 
when the porosity of asphalt concrete is greater 
than 3%, leading to the failure of the whole 
project finally.

3. The construction technology of asphalt con-
crete facing slabs in severe cold region is dif-
ficult. According to construction experience, 
asphalt concrete facing slabs should be paved 
under the conditions that the air temperature is 
higher than 5°C and the wind force is less than 
level 4 to ensure the paving quality. But in severe 
cold region, time for construction will be short if  
we exactly follow this rule, so the project sched-
ule will be delayed. How to mixing the mixture, 
paving, compacting and get a qualified asphalt 
concrete facing slab is a challenge.

3 SOLUTION FOR THE DIFFICULTIES

3.1 Low temperature cracking-resistance 
of impervious layer facing slab

Appropriate modified bitumen and mixing design 
are the solutions. Before Hohhot project, the rep-
resentative modified bitumen is the one adopted 
in Xilongchi project. This bitumen is a product 
of Taisei Company of Japan, whose cracking-
 temperature is −38°C. This could meet the require-
ment of Xilongchi project but not Hohhot. 
Therefore, assigned by the managing company of 
Hohhot project, the KHL Company carried out 
the investigation for the newest asphalt products, 
and executed the total performance tests for the 
13 kinds of asphalt from 4 factories. The cracking 
temperature of 3# modified bitumen (PetroChina), 
SK-2 modified bitumen (IWHR) and 5#* modi-
fied bitumen (IWHR) are −43.0°C, −45.7°C, 
and −47.5°C. The modified bitumen adopted in 
Hohhot project has a big difference with the one 
in Xilongchi project, as can be seen in Table 1. 
Together with the bitumen test, performance test 
and inspection analysis of the main raw materi-
als such as coarse aggregate, fine aggregate, min-
eral powder were carried out. The physical and 
mechanical performance experiments of asphalt 
concrete were also carried out. Especially, through 
mixing design a large amount of frozen-fracture 
tests were adopted to select the appropriate asphalt 
and mixing radio to meet the requirement of low 
temperature cracking resistance. At last, the opti-
mized mixing radio was recommended.

After taken these action, during the large scale 
construction, test results of asphalt mixture from 
mixer and specimen from field show that the crack-
ing temperature of asphalt concrete of Hohhot 
PSP upper reservoir is −43.1°C [max], −46.9°C 
[min], −44.6°C [average], which meets the design 
requirement.

It should be noted that the test value of crack-
ing temperature of asphalt concrete in Xilongchi 
project is higher than that of Hohhot project, 
with the average values of −39°C and −44.7°C 
respectively. But as shown in Table 1, we could 
see that the brittle point of the modified asphalt 
used in Xilongchi project is lower than that used 
in Hohhot project. This indicates that there is no 
explicit relation between cracking temperature of 
asphalt concrete and brittle point of asphalt. The 
mixing ratio also influences the cracking tempera-
ture of asphalt concrete. Generally after aging 
the softening point of asphalt will rise, but the 
modified bitumen adopted in Xilongchi project 
and Hohhot project showed reverse result that 
the softening point decreased after aging. As seen 
from the testing results, the softening point of the 

Picture 1. Viscosity-temperature curve of different 
bitumen.
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Table 1. The performance of modified asphalt used in Hohhot and Xilongchi project.

Serial 
number Item Unit

Technology requirement
Test values in 
Xilongchi [2]

Test values 
in HohhotXilongchi [2] Hohhot

1 Penetration (25°C, 100 g, 5 s) 1/10 mm >80 >100 98 118
2 Penetration index – ≥−0.6 ≥−1.2 6.7 3.9
3 Ductility in low temperature Cm ≥40 (5°C) ≥70 (5°C) 64 80
4 Ductility (15°C, 5 cm/min) Cm ≥150 ≥100 103 85
5 Softening point °C ≥50 ≥45 82 65
6 Kinematic viscosity (135°C) Pa ⋅ s – ≤3 – 1.803
7 Brittle point °C ≤−20 ≤−22 −27.8 −25
8 Flash point °C >230 ≥230 250.3 282
9 Density (25°C) g/cm3 Measured Measured 1.020 1.000
10 Solubility % >99.0 ≥99.0 99.4 99.8
11 Elastic recovery (25°C) % – ≥55 – 99
12 Separation difference °C – ≤2.5 – 0.2
13 Paraffin content of matrix asphalt % <2.3 ≤2 1.6 1.4

RTFOT
14 Weight change ratio % ≤1.0 ≤1.0 −0.2 −0.5
15 Change of softening point °C <5 ≤5 −5.0 −4.5
16 Ratio for penetration % ≥55 ≥50 93 109
17 Brittle point °C ≤−18 ≤−19 −21 −28
18 Ductility in low temperature (5°C) Cm ≥25 (5°C) ≥30 (5°C) 67 65
19 Ductility (15°C, 5 cm/min) Cm ≥100 ≥80 87.7 69

Table 2. Mixing ratio for impermeable layer of Hohhot project.

Mineral aggregate gradation

Sieve diameter (mm) 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Pass percent (%) 100 96.6 89.3 65.4 50 37.2 27.2 17.6 14.2 11

Asphalt content (the percentage of the asphalt weight in the gross weight of asphalt and mineral aggregate): 7.3%

modified asphalt used in Xilongchi and Hohhot 
projects decreased 5°C and 4.55°C respectively. 
This phenomena needs to be further studied.

3.2 Control of the porosity of impervious 
layer asphalt concrete (<3%)

During the construction of the impervious layer 
asphalt concrete of Hohhot PSP upper reservoir, 
the following actions were taken:

1. According to the test results of pavement exper-
iment, mixing ratio was adjusted a little. Bitu-
men content was reduced but river sands and 
mineral powder increased, so that the impervi-
ous layer is easy to compact on slope.

2. Use advanced paver machines. When paving 
on slope, paver with a function of 90% pre-
 compaction was used. At the fan-shaped region 
of reservoir’s corner, the width is decreasing 
from top to bottom and paver with alterable 

paving width was used. The paving efficiency is 
improved and the quality is ensured.

3. Well compaction schedule. Through paving exper-
iment, initial compaction, re-compaction, final 
compaction temperatures and compaction times 
were determined. The moving speed of vibrating 
roller was raised to ensure that the bitumen did 
not stick to the roller at high temperature.

4. Special joints treatment. Joints could be clas-
sified to hot joints and cold joints. Treatment 
could be divided to pre-treatment and post-
treatment. Pre-treatment means using infra-
red heating equipment to heat the joints before 
paving. In order to ensure the compaction tem-
perature, insulating cover was used when pav-
ing at night. Post-treating means to heat those 
unqualified area (porosity > 3%) using infra-red 
equipment and compact again.

The test results of Hohhot project indicate that 
after these actions, porosity of impervious layer 
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and joints was well controlled and the qualified 
rate reached 99%.

3.3 Low temperature construction technology of 
leveling layer of Hohhot PSP upper reservoir

The Huhehot project is located in a severe cold 
region, with high altitude and large wind during 
the whole year. According to the specified con-
struction criterion (daily average temperature 
higher than 5°C, wind force lower greater than 
level 4), the construction time will be very short. 
Therefore, construction technology at low tem-
perature should be explored. Considering safety, 
construction of leveling-layer asphalt concrete at 
low temperature was only implemented from mid 
September to the end of October in 2012.

3.3.1 Reformation of mixer at low temperature
The daily average temperature in Huhehot project 
is mainly lower than 5°C and the night tempera-
ture is lower than 0°C after mid September. Under 
this condition, in order to ensure the quality and 
production capacity of asphalt concrete, the mixer 
was reformed. The reformation including: water 
proof and freezing proof of aggregates, thermal 
insulation of pneumatic system (building air com-
pressor room and heating device), change of fuel 
oil, raise of the temperature of hot aggregates and 
the mixture and so on. 25000 t mixtures were pro-
duced from mid September to the end of October 
in 2012, with the qualification rate of 100%.

3.3.2 Paving and rolling on site
There are five principles when paving at low tem-
perature condition: quickly unloading, quickly 
transporting, quickly feeding, quickly paving and 
quickly rolling. Besides these, the truck should be 
covered with insulation materials during trans-
portation and the surface of asphalt concrete also 
need to be covered after paving. The purpose is to 
reduce the heat loss during transportation, pav-
ing and compaction and ensure the temperature 

of paving and compaction. Detailed steps are as 
follows.

. Temperature control. The temperature of pav-
ing and rolling must not exceed the upper limit 
of the standard. The truck should be covered 
with insulation materials during transporta-
tion to reduce the heat loss. Because of the low 
temperature and large wind, the temperature of 
asphalt concrete decrease quickly during paving 
and rolling. So the initial rolling should be done 
as quickly as possible after paving to reduce the 
heat loss. If  the mixture could not be compacted 
after paving timely, it should be covered by insu-
lation cover. The insulation should be main-
tained after initial rolling so the temperature of 
re-compaction and final compaction is enough.

. Control of feeding car. The loading amount 
and speed of the car must be controlled during 
the low temperature construction. The amount 
of the mixture in the feeding car must be well 
controlled, ensuring the mixture was feeding 
uniformly (8 t each time). The feeding speed 
should be as quickly as possible on the premise 
of safety.

. Control of the paver. Paver with high compac-
tion capacity should be used when construction 
at low temperature. Before paving, the iron plate 
should be heated and the compaction power 
should be adjusted to make sure the compact-
ness was higher than 90% after paving. Paving 
speed should be 1.0 m/min∼1.5 m/min at the 
lower half  of the layer. The paving speed could 
be properly raised at the upper half  because the 
transportation distance is short and the supply 
of mixture is sufficient. The temperature of ini-
tial compaction, re-compaction and final com-
paction should be ensured by insulation when 
paving under low temperature.

The area of leveling layer constructed at low 
temperature in Huhehot project is about 50,000 m2. 
After taking the above measures, testing results 
showed the qualification rate of the leveling layer 

Table 3. Standard for construction temperature and process on slope paving.

Project
Rolling 
process

Temperature 
(°C)

Rolling 
times Way of rolling

Level layer Initial rolling >130 1 Quiet rolling
Double rolling >105 3 Vibration rolling when forward,

Quiet rolling when backward
Final rolling >90 1 Quiet rolling

Impermeable 
layer

Initial rolling >140 1 Quiet rolling
Double rolling >115 3 Vibration rolling when forward,

Quiet rolling when backward
Final rolling >90 1 Quiet rolling
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was 95%. The unqualified area was removed and 
re-paved in 2013.

4 CONCLUSIONS AND SUGGESTION

1. Most of the impervious body of PSP upper 
reservoir worldwide use asphalt concrete facing 
slabs, and all of them used asphalt concrete fac-
ing slab in West Europe since 1975. In China 
about 44.1% and 14.7% of the PSPs built and 
being built use reinforced concrete facing slab 
and asphalt concrete facing slab as impervious 
body, respectively. Though it seems that the rein-
forced concrete facing slab is preferred in China, 
asphalt concrete facing slab has a very broad 
application prospect in cold region, because of 
its excellent anti-seepage performance, excellent 
low-temperature crack resistance, deformability 
adapt to bad foundation and water level change, 
faster construction speed and similar unit price 
compared with reinforced concrete facing slab.

2. Modified bitumen and mixing ratio design is the 
key factor of the low-temperature crack resist-
ance of asphalt concrete. The modified bitumen 
applied in Hohhot PSP upper reservoir repre-
sents the highest level of material properties in 
low-temperature crack resistance of bitumen in 
China. Compared with unmodified bitumen, 
properties of aged bitumen showed reverse rule 
and needs further study. The mixing design tech-
nologies of asphalt concrete have been mature 
domestic, yet the properties of modified asphalt 
should be further studied.

3. In cold regions, modified asphalt is usually adopted 
at impermeable layer of facing slab. However, its 
high viscosity and the high content could result in 
difficulties in compaction during the construction 
process. Based on the experiences of the Huhe-
hot project, it is difficult to control the porosity 
of joints between strips of impermeable layer. To 
meet the design requirement, perfect construction 
technology and elaborate treatment are necessary. 
The construction technologies of rolling right 
after the asphalt paver should be further studied 
to improve the quality of the joints.

4. In cold regions, the construction period is short 
if  asphalt concrete is paved strictly according 
to the requirements in related specifications. 
Therefore, construction technology of leveling 
layer under low temperature was explored in 
the Huhehot project. Such measures as low-
temperature reformation of mixer, thermal 
insulation with quilts and quick rolling to 
ensure the initial rolling temperature of asphalt 
concrete were adopted during the construction 
process, which ensured the quality of mixtures 
and asphalt concrete after rolling compaction. 
The test results of the Huhehot project indicate 
that the qualification rate of on-stie paving and 
rolling quality is higher than 95%, which proves 
the practicability of above measures. However, 
the construction technologies of impermeable 
layers under low temperature should be further 
studied.
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ABSTRACT: Sulfate attack affects the durability and integrity of concrete members greatly. Sulfate ions 
cause expansion, cracking, strength loss and adhesion reduction in concrete components, which threatens 
concrete structures health. This paper discusses the devastating effects of sulfate attack in a tunnel which 
is located in the southwest of Iran. During tunnel excavation, a vast volume of groundwater and H2S gas 
enters into the tunnel that leads to the failures in the concrete segments. In order to investigate sulfate 
attack hypothesis, 69 core specimens were taken and tested. Compressive strength, water absorption and 
electrical resistance tests were performed on 64 specimens and total number of 85 sulfate ion tests were 
implemented. Experimental investigations show that sulfate attack has probably happened and necessary 
measures should be taken to prevent damage propagation and repair damaged segments.

2. Tetracalcium aluminate monosulfate-12-hydrate 
(monosulfoaluminate) is formed due to ettring-
ite reaction with remaining C3A

2 3 3 32
4 3

2 3 2 3 4 232
2 3

( )3 2 32 3 C O 2 3l CaSO4 H2+)32 3 ∗
+ 4 22 ( )4 24 3 3CaO A O2 3l O SO3∗3Al O2 3 ∗1211 2H O2

 (2)

3. Monosulfoaluminate reaction with sulfate ions 
produce more ettringite:

4 12 2
16 3 3

2 3 3 2

2 23 3 43
CaO Al O2 3 SO3 O2

H O O2 3l CaSO4

1212 ( )4 2CaSO4 H O2∗
+ →16 2H O2 ∗3233 2H O2

 (3)

Continuous formation of ettringite leads to 
internal pressure, which causes expansion. Also, 
reaction of calcium hydroxide in existing cemen-
titious materials with high concentrated sulfate 
compounds results in formation of gypsum, 
which will cause strength loss in concrete members 
(T. Thorvaldson, 1952 & E.G. Swensen, 1968 & 
Mehta, P.K., 2000). In 1890, Candlot and Vicat 
observed sulfate attack (Bellmann, F., & Stark, J., 
2007). Since then sulfate attack has been reviewed 
extensively in literature and the effect of sulfate 
ions ingress in expansion, cracking and spalling 
of concrete structures had been studied by various 
authors (Chabrelie, A., 2010 & Santhanam, M., 
et al, 2002 & Schmidt, T., Lothenbach, B., et al, 
2009 & Skalny, J., & Brown, P.W., 2002). Chemo-
transport-mechanical models have been developed 

1 INTRODUCTION

The adverse consequences of chemical attacks on 
cement based materials are a growing importance 
topic in structural health monitoring and concrete 
damage researches. Chemical attacks affect the 
durability of concrete significantly, which deter-
mines the expected service life of concrete mem-
bers (Zivica, V., & Bajza, A., 2001).  According 
to ACI committee 201, chemical attacks are 
divided into six groups: 1-acidic attack 2-alkali 
attack 3-carbonation 4-chloride attack 5-leaching 
6-sulfate attack (ACI, 1962). Increasing sources 
of acid attacks and cement based materials alka-
linity emphasizes the importance of acidic attack 
(Zivica, V., & Bajza, A., 2001). Interaction of sul-
fate ions with cement paste matrix causes sulfate 
attack which threatens integrity and durability of 
concrete, either by expansion of cement matrix or 
progressive loss of strength and mass (Ghafoori, N., 
et al, 2008 & Mehta, P.K., 1986 & Brown, P.W., 
Badger, S., 2001). The three step mechanism of 
sulfate attack induced expansion is as followed 
(Ghafoori, N., et al, 2008 & Mathis, R.P., 1996 & 
Kosmaka, S.H., & Panarese, W.C, 1988):

1. Sulfate ions react to tricalcium aluminate in the 
Portland cement and forms 6-calcium aluminate 
trisulfate hydrate (ettringite)

3 3 26
3 3 32

2 3 4 2 2
2 3 4 232

C O l O2 3 H O2
l O2 3 CaSO4C SO H O2→ ∗3CaO ∗43CaSO4

( )24 2CaSO4 O2∗ 22

 (1)
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to predict the behavior of cementitious materials 
under sulfate attack (Idiart, A.E., López, C.M., 
et al, 2011 & Basista, M., & Weglewski, W., 2008 & 
Tixier, R., Mobasher, B., 2003). Another form of 
sulfate attack is Thaumasite Sulfate Attack (TSA) 
which affects calcium silicate hydrates and trans-
forms cement matrix into a non-adhesive mass, 
reducing effective cover of concrete and increas-
ing the potential of reinforcement corrosion 
(Brueckner, R., Williamson, S.J., & Clark, L.A., 
2012 & Thaumasite Expert Group, 1999). In con-
crete structures exposed to aggressive water, sulfu-
ric acid attack may cause TSA (Oberholster, R.E., 
et al, 1983). Low temperature, mobile water and 
calcium carbonate are essential for the occurrence 
of TSA (Bellmann, F., & Stark, J., 2007). Early 
investigation of the thaumasite was carried out in 
1965 by Erlin and Stark (Bellmann, F., & Stark, J., 
2007) and it has a major role in some reported dam-
age cases since then (Oberholster, R.E., 2002).

The tunnel which is discussed in this paper is 
located at the southwest of  Iran. The length of 
the tunnel is over 48.7 kilometers. It will be used 
to carry water to agricultural lands. During con-
struction, severe corrosion and damage in con-
crete segments have been observed (Figs. 1 & 2). 

At severely damaged parts of  the tunnel, surface 
layers of  concrete segment were liquefied and 
accumulated. Because of  H2S gas high concen-
tration (up to 1050 ppm) and strong water seep-
age, the idea of  chemical attack involving sulfate 
ions was proposed. This paper discusses the 
experimental investigation performed on core 
specimens which have been extracted from tunnel 
concrete segments in order to evaluate the current 
situation.

2 MATERIALS AND METHODS

The tunnel project, which is discussed in this 
paper is divided in four parts and the fourth 
part which is 14700 meters, is evaluated. In order 
to assess the damage in concrete wall segments 
of  the tunnel, two core specimens have been 
extracted in every 500 meters. 5 additional core 
specimens have been extracted from the ceiling 
of  the tunnel in the location of  severely damaged 
concrete segments. The total number of  69 core 
specimens has been evaluated as follows: Com-
pressive strength, electrical resistance and Water 
absorption capacity tests have been carried out 
on 64 specimens. Finally, 85 sulfate ion tests have 
been implemented.

2.1 Compressive strength test

The compressive strength test has been performed 
to evaluate the bearing capacity of  the tunnel 
concrete segments. The results of  these tests can 
provide an assessment of concrete quality and 
damage propagation in the tunnel concrete seg-
ments. There are several standards (ACI 318-71, 
1971, BS 1881: Part 120, 1983, ASTM C 42, 1999) 
which specify the necessary procedures regarding 
the determination of compressive strength of core 
specimens. Height to diameter ratio, reinforce-
ments and moisture percentage influence obtained 
compressive strength in specimens. The diameter 
of  extracted core specimens was 75 mm. Core spec-
imens were placed in water for at least 48 hours. 
The water temperature was 20 C. After specimens 
had been saturated, compressive strength tests 
were conducted.

2.2 Electrical resistance test

Concrete electrical resistance is related to its per-
meability and environmental conditions. Higher 
permeability allows aggressive ions to penetrate 
concrete easier, which consequently increases elec-
trical conductivity and decrease electrical resistance. 
Therefore a higher electrical resistance indicates 
a better performance against aggressive ions. 

Figure 1. Field observations of tunnel damages.

Figure 2. Liquefaction of the concrete segments sur-
face layers.
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Florida method was used to measure electrical 
resistance of specimens (FM 5-578, 2004).

2.3 Water absorption test

Concrete porosity allows water containing chemi-
cal substances to leave off  aggressive components. 
Remaining chemical substances can cause chemi-
cal attack. Therefore, evaluating porosity and per-
meability is a vital part of durability assessment 
of concrete structures. The water absorption test 
indicates concrete porosity and permeability by 
indicating its ability to absorb water (and possibly 
hazardous water-soluble components). Core speci-
mens were dried in an oven at 105 C for 72 hours 
(BS 1881- Part 122, British Standard, 1983). Then 
they were carefully weighted and exposed to ambi-
ent temperature. Finally, they were submerged 
in water for half  an hour and then weighed. The 
water absorption value is then calculated as the dif-
ference between specimen weights.

2.4 Sulfate ion test

As presented in previous sections, sulfate attack 
can affect concrete durability greatly. Also, bacte-
rias change H2S gas to sulfuric acid which reacts 
with the cement phase, transforming calcium 
hydroxide to calcium sulfate and damages con-
crete. Therefore, measurement of existing sulfate 
ion can provide an insight for evaluating con-
crete health conditions. Iranian concrete stand-
ard (ABA, 2000) states that water-soluble sulfate 
content (in the term of So3) should not exceed 
than 4% of cement weight and total sulfate con-
tent should not exceed than 5% of cement weight. 
The total existing sulfate value is calculated as the 
sum of sulfate content in all of  the components of 
concrete. “Determination of sulphate content—
Test method” states that total sulfate content can 
be obtained by acid extraction (ISIRI 8672, 2007). 
It is generally accepted to use the same methods 
applied to aggregates and soil to cementitious 
materials as well. The documentations showed 
that cement grade used in concrete segments 
mixture is 425 kg/m3. Assuming that the specific 
weight of  the concrete was equal to 2350 kg/m3, 
it is deducted that water-soluble sulfate content 
and total sulfate content should be less that 0.72% 
and 0.9%, respectively. An instrument for prepar-
ing powder samples was designed and assembled 
in Concrete Technology and Durability Research 
Center, Amirkabir University of  Technology. Pow-
der samples were prepared from specimens of tun-
nel inner and outside sections and were tested for 
both soluble and total sulfate content. Tests were 
performed on powder samples at every 5 mm of 
first 25 mm of specimen depth.

3 RESULTS AND DISCUSSION

3.1 Compressive strength test results

The results are presented in Figure 3. Compressive 
strength of 3%, 53.3%, and 43.7% of  specimens 
were between 5–20 MPa, 20–35 MPa and 
35–50 MPa respectively. Since the design value of 
28-day compressive strength was 35 MPa, 56.3% 
of specimens had lower compressive strength than 
the design value. This strength loss may occur due 
to sulfate attack or poor construction quality. To 
distinguish the source of strength shortcoming, 
24 core specimens were extracted from 8 segments 
which had already been stored in construction site. 
The diameter of these specimens was 101 mm. 
After preparing accordingly, this set of specimens 
has been tested. Compressive strength of all the 
specimens was above 35 MPa. Therefore, it can 
be deducted that the lack of sufficient strength is 
mainly due to an external agitating factor like sul-
fate attack.

3.2 Electrical resistance test results

As shown in Figure 4, electrical resistance of speci-
mens varied between 16 to 55 kΩ-cm.  According 
to Persian Gulf concrete durability standard, con-
crete corrosion due to aggressive ion ingress in 
concrete samples with electrical resistance bellows 
5 is less likely (Persian Gulf concrete durability 
standard, 2006).

3.3 Water absorption test results

As shown in Figure 5, water absorption value for 
specimens varied from 3.2% to 7% with a mean 
value of 5%. 92% of specimens had a water absorp-
tion value over 4%. Persian Gulf concrete durabil-
ity standard recommends water absorption value 
under 2%, which concludes a high potential for 

Figure 3. Compressive strength values of core specimens.
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concrete permeability, providing a suitable envi-
ronment for aggressive ions infiltration (Persian 
Gulf concrete durability standard, 2006).

3.4 Sulfate ion test results

Figure 6 shows that, except for 3 specimens, water-
soluble sulfate content in tunnel inner sections 
specimens is less than 72% in all depths. Also, 
water-soluble sulfate content deviation from the 
value prescribed by the standard in those 3 speci-
mens is less than 0.1%. Because of the calcium 
sulfate negligible solubility these results can’t be 
meaningful without further investigation. There-
fore, acid extraction had been performed to pro-
vide total sulfate content of specimens. Figure 7 
shows that the majority of specimens had total 
sulfate content above 0.9%. Total sulfate contents 
decreased by depth increment and reached to allow-
able value at 20 mm depth except for 4 specimens. 
Figures 8 & 9 show water-soluble and total sul-
fate contents in the specimens of the tunnel outer 
sections. The water-soluble sulfate content is less 
than 0.72% in all samples at all depths and except 
for 3 specimens, total sulfate content is less than 
0.9% in all samples at all depths. These 3 specimens 
have total sulfate content more than 0.9% at 5 mm 

Figure 6. Water-soluble sulfate content of core speci-
mens from inner sections of the tunnel.

Figure 7. Total sulfate content of core specimens from 
inner sections of the tunnel.

Figure 8. Water-soluble sulfate content of core speci-
mens from outer sections of the tunnel.

Figure 4. Electrical resistance values of core specimens.

Figure 5. Water absorption values of core specimens.
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damage mechanism. Field observation of concrete 
Liquefaction supports TSA occurrence.
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depth which reach allowable total sulfate content 
at 10 mm depth for two of them.

4 CONCLUSION

Field observations of damaged concrete segments 
and H2S gas existence inside the tunnel suggest that 
the mentioned tunnel suffers from chemical attack. 
In order to evaluate the current hypothesis 69 core 
specimens were taken from tunnel concrete seg-
ments and compressive strength, electrical resist-
ance, water absorption and sulfate ion tests were 
performed. Results show that compressive strength 
was decreased, which implies that an external fac-
tor reduced specimens compressive strength. Also, 
specimens have high permeability which facili-
tates possible aggressive ion ingress. Although the 
water-soluble sulfate content in the tunnel inner 
section specimens is less than the prescribed value, 
total sulfate content is more than allowable value. 
The difference between two values is mainly due 
to calcium sulfate, which is the main product of 
sulfuric acid attack. Therefore, it can be concluded 
that the sulfuric acid attack which is produced by 
bacterias from H2S could be the cause of tunnel 
segment damages. A comparison of total sulfate 
content between specimens from tunnel segments 
and segments stored in site supports this hypoth-
esis. Stored segments have much less total sulfate 
content.

Also, because of sulfate ions, lime aggregates 
used in the tunnel concrete segments, low tem-
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environment, it is possible that TSA has hap-
pened. The tunnel which is discussed in this paper 
is located below ground water level which helps 
seepage. Seepage provides the necessary water to 
carry chemical substances and accelerates chemical 
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ABSTRACT: The strength of concrete in a new structure is sometimes called into question. This may 
be due to cylinders not being taken, poor cylinder production, transport or testing, the actual concrete 
strength being low or the suspicion that in-situ cylinders are not representative of in-situ concrete. What-
ever the reason testing of the in-situ concrete is generally called for. This paper gives a brief  outline of 
the key aspects of strength assessment including a review of concrete supply and testing records, extent 
of testing required, assessment by cores to AS 1012.14 (1) and AS 3600 (2), ultrasonic (direct and indi-
rect methods) and rebound hammer testing and analysis of in-situ strength using cores and NDT results 
(including published methods such as EN 12504 (3), EN 13791 (4), BS 6089 (5) and those under consid-
eration by RILEM). If  the concrete strength is found to be low, a structural analysis has to be undertaken. 
The paper includes information of six projects assessed. In two, strengths were low across the whole mine 
site but in each case only one structure required strengthening. In another, very low strength was identi-
fied at an early stage and a risk assessment identified the structure should be replaced. In the others, 
strengths were found to be adequate.

which summarises some of the approaches in the 
new European standards. In this paper some of 
the differences between European Standards and 
the methods used in Australia based on CSTR 11 
are given.

BS EN 13791 now provides clear guidance on 
the use of ultrasonic pulse velocity and rebound 
hammer testing. These methods enable rapid scan-
ning of the concrete to detect variations in strength 
and BS EN 13791 provides guidance on how their 
use can be incorporated into reducing the number 
of cores required. In this paper the methods are 
outlined with specific reference to direct and indi-
rect UPV measurements and combined use of 
rebound, UPV and core strengths using the ‘Son-
Reb’ method.

An outline of the strength assessment on seven 
projects is given in the paper to show the variety 
of approaches that may be appropriate. For each 
project a durability assessment was also undertaken 
but this is not included here as the paper’s focus is 
strength and structural assessment. The methods 
employed for strength assessment range from reli-
ance on 28 day cube strengths to the use of cores, 

1 INTRODUCTION

For many years CSTR 11 (7) was the revered 
document on assessment of concrete compres-
sive strength from cores. This was updated in 
1987 (8). In 2002 CIA Z11 (9) was published and 
became the Australian reference for assessment 
of core strengths as a supporting document for 
AS 1012.14 (1). AS1012.14 provides perform-
ance requirements on sampling, conditioning, 
and reporting on cores and calls on AS 1012.9 
(6) as the method of testing concrete samples for 
compressive strength. However, in 2004 a project 
report on core strengths by the Concrete Society 
(10) provided updated information on tests from a 
range of samples and findings were subsequently 
incorporated in an updated BS 6089 (5) which is 
complimentary to BS EN 13791 (4), the European 
standard on testing concrete strength in structures. 
Consequently CSTR 11 (7,8), and AS1012.14 (1) 
and CIA Z11 (9) which are at least partly based on 
them, should be used with caution as some of the 
analysis methods have been superseded. The Con-
crete Society issued Advice Note 43 (11) in 2013 
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UPV and rebound testing. The subsequent analysis 
of the structures included a full structural analysis 
to determine structural reliability and risk assess-
ment if  there was a reduced reliability.

2 METHODS OF TESTING

2.1 Cores

To maximise the number of cores meeting code 
requirements and to minimise damage to the core 
and structure, the engineer should ensure that the 
coring contractor has adequate experience in using 
his equipment to take cores for the specified pur-
pose. On one project in remote Botswana the con-
tractor arrived with a brand new coring machine, 
no hold down anchors and 5 people. His first core 
failed the requirements of AS 1012.14 because the 
machine was not properly secured and because of 
stop start coring. Being a remote location it took 
two days to get the team working.

Before coring the reinforcement locations are 
carefully mapped and marked with due allowance 
for bar diameter. The upper reinforcement layer 
can generally be identified using a covermeter 
but this may miss saddles which may be identified 
using ground penetrating radar.

Assessment of core strength can be based on 
BS EN 13791 and BS 6089. A comparison of 

these with current Australian standards is given in 
Table 1.

2.2 Rebound

The original rebound hammer measured the hard-
ness of a material by the degree of rebound. The 
instrument worked by firing a known mass using 
a standard spring loading to impact on a rod held 
in contact with the surface being tested. When 
the mass hits the rod it rebounds to an extent that 
depends on the hardness of the surface in contact 
with the rod. The original rebound hammer meas-
ured the rebound value R mechanically as a dis-
tance that the mass rebounded from the concrete 
surface. Extensive testing carried out in the late 
1950’s gave correlation curves between rebound 
value and concrete compressive strength.

In 2007 an electronic version of the original 
rebound hammer was introduced. This instrument 
measures rebound value (now Q) as the quotient 
between the velocity of the hammer mass just 
before and after impacting the rod. The validity 
of the new measurement principle has been recog-
nized by the major standards bodies.

It should be noted that Q-values and R-values 
are not interchangeable. Correlation curves devel-
oped for the original rebound hammers cannot be 
used with Q-value and correlation curves devel-
oped for the new hammer cannot be used with the 

Table 1. Australian and european standard requirements for assessing in-situ concrete strength.

Not yet harmonised with European practice 
(based on CSTR 11)

State of the art documents on in-situ 
strength assessment

AS 1012.14 CIA Z11 BS EN 13791/BS6089

Core diameter 75 mm 75 min  or 2.5 × agg size 100 mm (increase number of cores if  
using diameters down to 50 mm)

Core length:diameter ratio Close to 2:1 1 to 2 (ideally 1.9 to 2) 1 to 2
Actual strength corrections
Correction l:d k1 = 1 for l/d = 2 reducing in steps to 0.87 

for l/d = 1
Kcyl = 2.0/(1.5 + 1/(l/d))

Correction rebar present – k2 by formula Avoid rebar
Correction core axis – k3 = 1 perp. to casting direction 

and 1.08 if  parallel
Influence noted but UK Annex NA 

says no allowance to be made
Core locations limits
Vertical pours – Not from top 20% up to 300 mm Exclude top 300 mm. Core top third
Face of concrete – Not within 50 mm of face Not within 50 mm of face
Number of cores where 

suspect batch
– 3 from each suspect batch 15 with no NDT, 9 with NDT. Move 

to reduce the number with NDT
Conditioning Wet 3d or 

air 7d
Dry (7d) as AS 3600 Air 3d but allowance can be made 

for wet cure
End preparation AS 1012.9 Sulphur cap or ground ends Ground ends recommended
Provision for outliers – No Yes
NDT assessment – – UPV, pullout and rebound accepted 

as means of reducing core numbers
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 classical hammer. The manufacturer provides a 
strength relationship between Q values and com-
pressive strength based on a lower 10th percentile 
curve. They do not provide direct relationships 
between Q values and R values, as testing on vari-
ous types of concrete have shown that the relation-
ship is not constant.

When assessing in-situ compressive strength 
using cores, EN 13791 requires at least 15 cores to 
be taken to establish the insitu concrete strength. 
The number of cores to be taken may be reduced to 
9 when used in combination with NDT tests such 
as rebound hammer or ultrasonic pulse velocity.

In the German national annex to EN 13791 
there is also the possibility to assign a compressive 
strength class based on rebound hammer testing 
alone, as in many cases, it is not allowed to take 
cores. EN 13791 is currently under review and there 
are proposals for reducing the number of cores fur-
ther when used in combination with NDT testing 
and also to generally accept the method described 
in the German national annex.

Testing should be undertaken in accordance with 
EN 12504-2. A test location should be a minimum 
100 m thick, 300 × 300 mm test area, minimum of 
nine readings, impact points >25 mm apart, sur-
face clean and smooth. Nine such test locations are 
required for a test region as described in EN 13791. 
A core should also be taken at each test location to 
establish the correlation. The method then uses the 
core correlation to shift a base correlation curve 
upwards. The same method may be used with 
ultrasonic pulse velocity.

2.3 Ultrasonic Pulse Velocity

UPV can be determined in number of ways direct, 
indirect and semi-direct. Only the first two are 
discussed here. Direct UPV is the most reliable as 
the velocity is measured across the entire element 
and gives an average velocity for a large thickness 
of concrete. Direct UPV can also be measured on 
cores to give a direct correlation between UPV and 
core strength.

However in cases where access to only one face is 
possible a direct velocity measurement is not possi-
ble. Yaman (16) developed a method of measuring 
the indirect velocity over 4 head spacings (200, 250, 
300 and 350 mm). This is very similar to the sur-
face velocity method described in Annex A of EN 
12504-4. The slope of a straight line plot of time vs 
head spacing (Fig. 1) gives an indirect velocity that 
is very close to the direct velocity for homogeneous 
specimens. The principle difference between direct 
and indirect UPV’s is that direct measurements 
are largely through the bulk concrete and indirect 
measurements are largely through the near sur-
face but Yaman’s five point method avoids direct 

surface effects such as carbonation and finishing. 
This is particularly useful for assessing slabs. It 
should be noted however, that typically concrete 
is an inhomogeneous material and the difference 
between indirect and direct pulse velocities can 
vary significantly if  surface effects are deep.

In the indirect mode a particular issue is the low 
signal level compared with direct measurements. 
The first pulse may not trigger the timer unless the 
gain is suitably increased. For such measurements, 
it is advisable to use a waveform display to be cer-
tain of correct triggering. This may or may not be 
apparent from the best fit line through the four 
data points. Testing should otherwise be under-
taken in accordance with EN 12504-4.

2.4 SonReb

One issue with combined use of NDT and cores 
for strength assessment is the number of core 
correlations required according to EN BS 13791. 
By reducing uncertainty by combining two NDT 
measurements the number of correlation points 
decreases.

Breysse (15) describes the SonReb method of 
combined UPV and Rebound measurement as dis-
cussed by RILEM Technical Committee TC 207-
INR as follows: “This combination has received the 
name of SonReb, for Sonic and Rebound. Rebound 
and ultrasonic pulse velocity measurements can be 
carried out quickly and easily. The underlying con-
cept is that if the two methods are influenced in dif-
ferent ways by the same factor, their combined use 
can cancel the effect of this factor and improve the 
accuracy of the estimated strength.” Breysse gives 
two approaches to the combined assessment based 
on best fit of data but the multivariate approach 
A is preferred, i.e.: Approach A: fc = aVbRc where 
a,b and c are constants (1.15 × 10−10; 2.6 and 1.3 
respectively); V is UPV; R rebound number.

Although standard values for a, b and c are 
given project specific values are determined.

Figure 1. Indirect pulse velocity using Yaman’s five 
point method.
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Generally, the SonReb method provides an 
increase in correlation accuracy when compared 
with using either the rebound method or UPV 
method in isolation.

The data, presented in Figure 2 was collected by 
the rebound hammer manufacturer to establish a 
SonReb curve using the Q-value. It illustrates the 
benefit of using the combined method. The Son-
Reb method has been established as a national 
standard in several countries including Italy and 
China in particular and is currently being consid-
ered by the RILEM TC-249-ISC committee deal-
ing with in-situ compressive strength estimation.

3 STRUCTURAL ASSESSMENT 
OF NEW CONCRETE STRUCTURES 
IN A GHANA MINE

Shortly after construction deterioration of the pri-
mary crusher approach slab led to a preliminary 
investigation of the strength of concrete. This 
indicated that there was cause to suspect that the 
strength of concrete could be lower than design. 
Subsequently a detailed investigation of the con-
crete to identify if  there were any significant defi-
ciencies in construction was undertaken.

For cores testing SANS standards were followed 
but as there were no SANS standards for non-
destructive tests international standards were fol-
lowed. The specified strengths varied and are shown 
together with core strength results in Table 2.

The large fraction of cores that failed the individual 
and average strength requirements, and the margin by 
which some cores failed, was a serious concern.

Rebound hammer and core testing results 
from the same location are shown in Figure 3. 
The best fit relationship is achieved at compres-
sive strength = 2.161e0.043x where x is the Q value. 
The rebound results are from the surface of slabs and 

Figure 2. Data from 240 cubes to establish SonReb calibration curves for Q value.

Table 2. Core test results from Ghana mine.

Element 
orientation Vertical Horizontal

Specified 
strength 40 MPa 25 MPa 40 MPa 25 MPa

No of cores 3 4 – 19
No of comp. 

tests
3 7 – 28

Avg strength 
(MPa)

34.0 16.1 – 17.8

Std dev. (MPa) – – 6.3
% Failing ind. 

result
0% 57% – 54%

% Failing avg. 
result

0% 100% – 71%

Figure 3. Core strength vs rebound hammer.

the finishing may account for why a high Q value is 
achieved for a given compressive strength but more 
likely was that carbonation had occurred harden-
ing the surface strength. This effect means rebound 
results on the top of the slab are not an effective 
method of assessing bulk strength. Consequently 
the assessment was based on core strengths.
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Based on the core strength tests an equivalent 
characteristic cylinder strength of 15 MPa was 
determined for the 25 MPa concrete and 25 MPa 
for 40 MPa concrete. The structural assessment was 
undertaken in conjunction with the original design-
ers with free and unfettered access to the design cal-
culations. Jointly with the designer critical elements 
were identified and checked based on the strengths 
of 15 MPa and 25 MPa and 10 year design life. The 
structural review identified all structures behaved 
acceptably at the actual in-situ strengths except for 
one tall conveyor support. Additional cores from 
this structure indicated there were still some con-
cerns and hence strengthening was instigated.

4 STRUCTURAL ASSESSMENT 
OF NEW CONCRETE STRUCTURES 
AT A BOTSWANA MINE PLANT

25 MPa and 32 MPa concrete was specified for 
footings/slabs and walls/columns respectively but 
review of the cube test results showed a much lower 
strength was achieved in practice. Cores were taken 
from various locations and results were consistent 
with the cube results. Multiple cube results from 
the same batch tested at the same age were quite 
consistent and 7 day results were reasonably con-
sistent at 67% of the 28 day results. This indicates 
that, failing an unexpected consistent error in test-
ing, the results are a realistic and able to be used as 
a true indication of the strength of concrete sup-
plied. The results are summarised in Table 3.

Compressive strengths from 2 cores taken from 
each of three different bases gave a characteristic 
in-situ cylinder strength of 17.5 MPa. This was 
marginally higher than the 28 day cube results and 
may have an improvement due to the aging.

28 rebound hammer results provided had an 
average cube strength of 28 MPa and a standard 
deviation of 5.6 MPa to give a characteristic cube 
strength of 18.8 MPa.

A review of the mix indicated low coarse aggre-
gate volume and a high proportion of crushed sand. 
The mix would have had a high water demand and 
it was concluded that to achieve a workable con-
crete extra water would have likely been added.

Hence for the project it was determined that:

a. No further NDT testing was generally required 
as adequate data was available to give a reason-

able estimate of the concrete strength. Origi-
nally the client had asked for more detailed 
NDT testing to show which elements had low 
strength concrete.

b. A 28 day characteristic compressive cylinder 
strength of 15 MPa was to be used for structural 
assessment of all bases except those produced 
between 4–9th May.

c. For the concrete poured 4–9th May the location 
of the concrete placed was to be identified and 
design undertaken for strengthening to take the 
full design loads.

The structural assessment was undertaken of 
all structures by review of the original designs. 
This showed that in general the 15 MPa cylinder 
strength was adequate. The exceptions were:

a. Primary Crusher Base Slab—Development 
lengths up to 400 mm to short due to low strength 
and low cover. Strengthen to reduce stresses or 
effectively increase development lengths.

b. Primary Crusher Rear Wall—Will crack as applied 
moments are 3 times the moment capacity.

5 STRUCTURAL ASSESSMENT OF NEW 
CONCRETE IN AN AUSTRALIAN MINE 
PLANT

On this project the concrete strength was called into 
question when the supervisor recorded that after 
taking cylinders for strength assessment the concrete 
water was added to the mix for placement. Cores 
and NDT were used to establish the actual charac-
teristic strength of 18 MPa for most elements, well 
below the minimum specified strength of 32 MPa.

Structural analysis was undertaken to show if  
these low strengths might be acceptable. A founda-
tion slab was considered as 1 m wide strips with 
actual load points imposed and resisted by soil 
spring nodes. Although the concrete strength was 
only 18 MPa the authors believe that it is reason-
able to extrapolate outside the range of character-
istic compressive strengths of 20 MPa to 100 MPa, 
specified in Clause 1.1.2 of AS3600, provided 
that a reliable coherent set of core results can be 
obtained. Of note is the anchorage bond length 
where requirements will increase beyond those in 
AS3600 in highly stressed elements. The analysis 
undertaken indicated that although capacities were 
significantly reduced most parameters were pre-
dicted to be acceptable except for shear and hence 
a risk assessment was undertaken.

Risk is conventionally assessed by ISO 31000 
(12) based on a combination of consequence and 
likelihood of failure. For some failure modes full 
probabilistic modelling can be undertaken to assess 
failure likelihood quite accurately. Where these 
methods are not possible a qualitative approach 

Table 3. Summary of 28 day compressive strength test 
results.

Period 4th–9th May Remainder

f′c cube (MPa) 11 19
f′c cylinder (MPa)  9 15
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can be followed. The consequence of structural 
failure can vary significantly.

Discussions with the owner identified that the 
increased likelihood of failure was unacceptable 
because when combined with the consequence of 
failure the risks during operations became unac-
ceptable. Consequently the concrete was replaced.

6 STRENGTH ASSESSMENT OF A NEW 
AUSTRALIAN SHOPPING CENTRE 
FLOOR SLAB

The strength of a concrete slabs on grade had been 
called into question. The strength of the surface 
layer is highly affected by finishing and curing and 
hence assessment using rebound hammer testing 
is not recommend as the results are very depend-
ent on near surface properties. It was agreed to 
undertake widespread testing using indirect ultra-
sonic pulse velocity to show potential variations in 
strength. Cores were undertake for calibration of 
the UPV. Rebound hammer results were also taken 
over a wide area to determine if  it gave any further 
insight into concrete performance.

UPV results were taken using the five point 
indirect method. Results were recorded on a 
spreadsheet which automated a linear regression 
analysis to check the four results gave adequate 
correlation (Table 4). The velocities, and the 
rebound results, were plotted in a spreadsheet 
using conditional formatting to highlight varia-
tions (Table 5).

In the case of the rebound results there appears to 
be two distinct areas where the 10 percentile strengths 
are 24.9 and 38.2 MPa. These variations are not seen 
in the UPV results. The Rebound variations may be 

due to variations in finishing and curing of the two 
pours and be limited to surface effects.

The UPV results were correlated with strength 
and gave the following relationship:

Strength (MPa) = 8.5344e0.3173v where v is ultra-
sonic pulse velocity in m/s.

Converting the UPV to strength results gave a 
plot of strength as shown in Table 6. The colour 
coding is based on highlighting areas where the 
strength is less than the required 32 MPa.

7 STRENGTH ASSESSMENT OF NEW 
COLUMNS AND WALLS OF AN 
AUSTRALIAN OFFICE TOWER

S65 concrete was poured in columns and stair well 
walls. Cylinder results were marginal and hence 
strength assessment was requested. An assessment 
of in-situ strength was undertaken using the Son-
Reb method with UPV and rebound measurements 
calibrated against core strength tests. The process 
used for the SonReb method was:

1. Mark out reinforcement grid on the concrete sur-
face using GPR so that UPV test results avoided 
the influence of reinforcement as far as possible.

2. Mark out sixteen measurement points for each 
element. These comprised eight pairs of meas-
urement points precisely on opposite faces of the 
element. Typically four measurement points were 
at 0.5 m, 1 m, 1.5 m and 2.0 m above base level so 
that strength with height could be assessed. No 
significant variation was found (Fig. 4).

3. Assess the path length for the measurement points.
4. Take direct UPV measurements using digital 

UPV equipment with the transmitter on one face 
and receiver on the other for each of the eight 

Table 4. Indirect UPV data for shopping centre floor slab. D is the transmitter/receiver separation and T the cor-
responding wave transit time.

Table 5. Colour coded plot of rebound and UPV test results.
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pairs of measurement points. The transmitter 
and receiver were then swapped at each pair of 
points to give sixteen direct measurements. The 
UPV equipment’s built in measuring process 
takes multiple measurements to give an average 
of several reading for each result. Results were 
also verified by the strength of the received signal 
and only highly reliable results were recorded.

5. Prepare the concrete surface using a grind-
ing stone at each of the sixteen points and 
take rebound measurements using the digital 
rebound hammer. Ten rebounds were used to 
give one Q value.

6. Enter the data in the results spreadsheet prepared 
for the project to verify results were sensible and 
consistent. The formula for strength generally 
used is fck = a.Vb.Qc where a, b and c are con-
stants V is the ultrasonic pulse velocity in m/s. Q 
is the rebound value as given in RILEM (14).

8 STRENGTH ASSESSMENT OF 50 YEAR 
OLD BASEMENT COLUMNS IN AN 
AUSTRALIAN BUILDING

On this city centre project the building height 
was to be increased adding several new floors of 
office space. This translated to additional load in 
the basement columns and diaphragm wall. The 
existing structure had reached its 50 year design 
life and hence a durability and strength assessment 
was undertaken to confirm that the load capacity 
was adequate and that the structure would provide 
an additional 50 year life commensurate with the 
requirements for the new structure.

The strength assessment was in two parts. Cores 
were taken from walls, columns and slabs. For 

the more critical columns a wider assessment of 
strength was required. This was achieved by cor-
relating direct UPV results with core strengths and 
then using UPV results to give an indication of in-
situ strengths. The correlation was based on com-
pressive strength = 1.0828e0.8201v where v is UPV.

Piles were tested using a force vibration test as 
developed by Davis and Dunn (17). Testing was 
undertaken by measuring the response from a 
series of  hammer blows on the concrete surface 
using a geophone held on the concrete surface 
adjacent to the hammer. Where there was no pile 
response the test location was moved along until 
a response was found. Having located the pile the 
test results were recorded. The received signal 
was put through a fast Fourier transform to give 
Mechanical Admittance and Frequency. Mechan-
ical Admittance gives the load deflection curve 
based on wave theory. Frequency gives param-
eters of  the pile model. Information obtained 
includes pile length, minimum pile diameter, pres-
ence of  an end bulb, concrete modulus and safe 
pile load.

9 STRENGTH ASSESSMENT OF OLD 
SHOPPING CENTRE COLUMNS IN 
AUSTRALIA

Testing was undertaken on ground floor columns 
of a shopping centre in Queensland to assess the 
capacity for planned extensions. No coring was 
allowed in the structure and so a completely non-
destructive NDT method was proposed. NDT 
results depend on the materials used and so cylin-
ders made using local materials were tested to cre-
ate a calibration between NDT (UPV and rebound) 
and cylinder strengths.

Sixteen cylinders were tested. Direct UPV 
measurements were taken on the cylinders and 
then once the cylinder has been compressed to 
3.5 MPa the rebound values were taken using an 
original rebound hammer. The cylinders were then 
crushed. The calibration co-efficient were assessed 
using the equation proposed by Samirin (18), i.e. 
f ’c = aR + bV4. Samarin’s approach was an early 
form of combined ultrasonic pulse velocity and 
rebound for strength assessment and the SonReb 
equation would be recommended today. Excel’s 
‘Solver’ function was used to give the values for a 
and b of 1.0695 and 4.96 × 10−15 respectively. The 
correlation achieved was 0.973.

Ten columns were tested. Two rebound ham-
mer tests were carried out in accordance with BS 
1881:202 on each face. Two UPV measurements 
(BS1881:203) were taken between each of the two 
sets of opposing faces. Care was taken to avoid any 
reinforcing steel by locating this first using a cover-
meter. Calculated strengths are shown in Table 7.

Table 6. Plot of compressive strength estimated using 
UPV measurements.

Figure 4. UPV and rebound with height for a shaft wall.
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10  CONCLUSIONS AND 
RECOMMENDATIONS

All structures are different and the structural 
assessment requirements will depend on the cir-
cumstances of each. Testing required is unclear 
until historic information available is reviewed and 
possibly not fully understood until some prelimi-
nary tests are under taken. An overall process to 
structural assessment might be:

a. Determine precisely what outcome is sought.
b. Review existing data to determine what is 

known about the concrete and what additional 
information is needed. Existing construction 
data may be adequate.

c. Prepare a test programme that will provide the 
information required. A preliminary test pro-
gramme may identify if  more detailed is required 
and if so what test methods should be used. On 
some structures it may be necessary to base the 
assessment on cores alone. On others rebound or 
UPV measurements, calibrated against cores or 
cylinders of a similar mix, may be particularly 
useful in providing a global assessment not prac-
tical with cores. On many structures SonReb will 
provide the most efficient assessment method.

d. From the strength assessment undertake a 
structural assessment to determine if  the reli-
ability is reduced below code requirements and 
if  so undertake a risk assessment to determine if  
the risk is acceptable.
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ABSTRACT: Bridges have to be designed for different impact situations. The load assumptions for 
road bridges are covering impact loads due to the impact on vehicle restraint systems. The loadings have 
been increased significantly within the last decade because of rising requirements regarding the contain-
ment capacity of vehicle restraint systems. Therefore new systems were developed, which are transmitting 
higher impact forces into the superstructure. In case of retrofitting an existing bridge with a modern crash 
barrier system, this leads often to the problem of insufficient load bearing capacity of the cap and the 
superstructure. This paper is therefore intended to study load distribution of impact forces due to impact 
on vehicle restraint systems in concrete caps in order to make use of load bearing reserves. This is done to 
give practical advises for the recalculation of existing concrete bridges for higher impact loads according 
to DIN EN 1991-2 (2010).

Because of such severe accidents one was anxious 
to replace the simple steel guardrail (EDSP), which 
is apparently inadequate for stopping heavy vehi-
cles, by more powerful systems. The improvement 
and development of vehicle restraint systems was 
therefore the subject of intense research (Sedlacek 
2004) and as a result a number of new guardrails 
have come on the market, which are having a better 
containment capacity. The higher residing effect of 
the new vehicle restraint systems compared to the 
EDSP leads to the effect, that there must be much 
higher loads transmitted into the bridge superstruc-
ture in the exceptional load case of a vehicle impact 
on the guardrail. This has meant that in Germany 
the amount of connection reinforcement of ø12–40 
between the cap and superstructure required by the 
codes for the design of new bridges was nearly tri-
pled to ø14–20 in the year 2009 (RiZ-ING 2009).

If  existing bridges are considered to be retro-
fitted with vehicle restraint systems with a higher 
containment level, it is often not possible to per-
form the necessary verification successfully, that 
the existing connection reinforcement is able to 
safely carry the higher impact forces. The bend-
ing and shear capacity of the bridge cantilever 
is often unsufficient in that case. An elaborate 
 strengthening of the superstructure or even the 

1 INTRODUCTION

The superstructures of road bridges have to be 
designed for different impact situations accord-
ing to DIN EN 1991-2 (2010). There are two acci-
dental load cases, which have to be considered for 
vehicle leaving the road and either hitting the curb 
of the sidewalk or the crash barrier system, which 
is usually mounted onto the concrete bridge cap. 
Especially the load assumptions for the impact on 
the vehicle restraint systems have changed within 
the last two decades and the applied impact loads 
have been increased significantly. This is because 
of the increasing demand towards higher contain-
ment capacity according to the structural codes.

Road bridges in Germany have been equipped 
since the 1960s with guard rails to minimize the 
consequences of accidents and to keep vehicles 
from falling of the bridge when they are acciden-
tally leaving the driving lane. However, spectacular 
accidents in the past have shown that these protec-
tive devices do not always fulfil their job and espe-
cially in the case of an impact of a heavy vehicle, 
such as a truck or a bus, can lead to a breakthrough 
through the barrier by the vehicle. Such accidents 
are in most cases associated with deaths involved 
road users and enormous property  damage. 
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replacement of the whole bridge is then often an 
inevitable consequence.

In order to find ways to minimize such costly 
remediation in the future a study has been initiated 
at the University of the German Armed Forces to 
investigate the potential of possible load distribu-
tion of impact forces in cap longitudinal direction. 
First results are presented in this paper.

2 IMPACT LOADS ACCORDING TO DIN 
EN 1991-2 AND ITS DISTRIBUTION

As described above, there are two different impact 
situations according to DIN EN 1991-2 (2010), 
which have to be investigated. These two load cases 
consist of the impact of a tire on the curb of the 
sidewalk and the impact on the vehicle restraint 
system. The second one is divided into two differ-
ent load assumptions for the structural design, like 
for example the design of the bridge cantilever, and 
the design of structural details such as the connec-
tion reinforcement between the concrete cap and 
the superstructure. The load assumptions for each 
mentioned impact situation are described in the 
following as well as the related load distribution 
within the cap, which is usually used in the verifi-
cation in the ultimate limit state.

A detailed overview over the load assumptions 
for impact situations according the German struc-
tural codes in the past can be found in (Niederwald 
et al. 2014).

2.1 Impact on the curb of the sidewalk

According to DIN EN 1991-2 (2010) there should 
be a horizontal load applied in transverserly direc-
tion in oder to cover the stresses due to vehicle 
impact on the curb of the sidewalk. The horizontal 
load is supposed to have a value of 100 kN and 
it should engage 50 mm below the top surface of 
the curb as it is shown in Figure 1. At the same 
time a vertical axle load of V = f  × 0,75 × αQ1 × Q1k 

which is derived from the load model LM 1 should 
be applied.

The impact loads shown in Figure 1 can be dis-
tributed in the cap under an angle of 45° like it 
is done for the accidental loads due to impact on 
vehicle restraint system, which are described in 
the following section 2.2. Because in the codes the 
impact loads on the curb of the sidewalk are usu-
ally smaller than the ones for the impact on vehicle 
restraint system and because of the mechanism of 
load distribution being the same, in the following 
only the impact on vehicle restraint system is inves-
tigated in detail.

2.2 Impact on vehicle restraint system 
for structural design

Before new vehicle restraint systems are allowed to 
be used, they have to pass an impact-test according 
to DIN EN 1317-2 (2010). As a result of the test-
ing the crash barriers are divided into levels, which 
consist of the containment level, the level of impact 
severity and the effective area, which describes the 
deformation of the guardrail.  According to the 
guideline for passive protection devices (RPS 2009), 
the vehicle restraint systems installed along  German 
motorways are supposed to have a containment 
level of at least H2 or H4b. How to perform such 
impact-tests is described in detail by Hellmich et al. 
(2000) and Hellmich et al. (2002).

For the structural design DIN EN 1991-2 
(2010) provides equivalent loads which are derived 
from experimental results of such crash tests. The 
horizontal equivalent loads are split up into four 
classes A to D, which have to be chosen in depend-
ence to the vehicle restraint system used. In class 
A the smallest force of 100 kN and in the class D 
the greatest force of 600 kN is provided. The load 
is acting over a length of 0.5 m transversely to the 
direction of traffic and 1.0 m above road surface 
or 100 mm below the top edge of the crash bar-
rier, whereas the smaller of both values is decisive. 
Besides the horizontal force a vertical load also has 
to be applied, which results from an axle load of 
the load model LM1. The specified loadings for 
the structural design are shown in Figure 2.

It is a common way to distribute the impact 
loads with an angle of 45° like it is described in sec-
tion 2.1 for the impact on the curb of the sidewalk. 
The effective width, over which the loads can be 
distributed, has to be calculated separately for the 
horizontal and for the vertical load, as it is shown 
in Figure 3. The horizontal load is getting trans-
mitted into the superstructure by the connection 
reinforcement between the cap and the  cantilever. 
Therefore, it is distributed outwards first, before 
it moves back to the end of the  cantilever. 
The  effective width for the horizontal load beff,nx is 

Figure 1. Impact loads on the curb of the sidewalk 
according to DIN EN 1991-2 (2010).
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 resistance of the post or through the maximum 
load capacity of the attachment to the bridge cap, 
taking into account the longitudinal load-bearing 
effect. For the local design of the bridge cap and 
the connection reinforcement according to DIN 
EN 1991-2 (2010), a load of 1.25 times the cross-
sectional resistance (plastic shear force and bending 
moment) of the post has to be applied, engaging 
in the post axis at the top surface of the cap, as 
shown in Figure 4. As described in (BASt 2012) this 
approach for the design of the cap and the connec-
tion reinforcement is safe, because in the case that 
the anchoring of the post would have a higher bear-
ing capacity, the post would fail prior to the attach-
ment, and thus a further load increase would not 
be possible. In the opposite case, the characteristic 
resistance of the post will not be reached.

For the simple distance protection planks 
(EDSP), however, the maximum capacity is limited 
by a shear failure of the connection-bolts between 
the guardrail post and the footplate. Compared to 
modern vehicle restraint systems with a contain-
ment level of H2 or H4b, these loadings, which are 
transmitted into the superstructure of the bridge 
are much smaller, as shown in Table 1 (Gütegem-
einschaft Schutzplanken 2014).

Class
Horizontal 
force H [kN]

Vertical force V [kN]
V = f  × 0,75 × αQ1 × Q1k

A 100 f × 225
B 200 f × 225
C 400 f × 225
D 600 f × 225

Figure 2. Impact loads due to vehicle impact for struc-
tural design according to DIN EN 1991-2 (2010).

Figure 3. Load distribution of impact loads in the 
structural design.

therefore bigger than the effective width beff,my+vz for 
bending moments and shear forces caused by the 
vertical load.

Recently the BASt (Bundesanstalt für 
Straßenwesen) has initiated a research project to 
get better insight into the values of the horizontal 
impact loads which have to be applied in order to 
reflect the vehicle impact in a safe way. First results 
show that the loads are significantly lower than the 
values which are defined in DIN EN 1991-2 (2010).

2.3 Impact on vehicle restraint system 
for the local component design

The load bearing capacity of safety barriers made 
of steel is limited by the plastic cross-section 

Figure 4. Impact loads due to vehicle impact for the local 
component design according to DIN EN 1991-2 (2010).

Table 1. Classification and characteristic resist-
ance of vehicle restraint systems (Gütegemeinschaft 
Schutzplanken 2014).

EDSP 
1.33 Bw

Super-Rail 
Eco Bw

Containment level H1 H2
Loading class for structural design A B

Characteristic resistance for local component design
1.25 × Vpl [kN] 12.8 116.8
1.25 × Mpl [kNm] 6.4 52.5
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For the verification in the local component 
design of the connection reinforcement between 
the bridge cap and the cantilever it is common to 
apply the impact force transmitted from the crash 
barrier into the superstructure as 1.25 times the 
characteristic resistance of a post and to distrib-
ute it over a width of 1.33 m, which corresponds 
to the distance between the posts in longitudinal 
direction. The bridge cap is therefore divided lon-
gitudinally in 1.33 m wide, independent segments 
(Kuhlmann et al. 2012), as shown in Figure 5.

It is obvious, that with this kind of load distri-
bution rather high tensile forces are obtained in 
the connection reinforcement for modern vehicle 
restraint systems, listed as an example in Table 1. 
In the case of a retrofit of an existing bridge with 
a restraint system with a containment level of H2 
or H4b the verification of the connection rein-
forcement can therefore often not be performed 
successfully.

This is the reason, why it is necessary to find 
improved models for distributing the impact loads 
in this design situation. When considering the 
effect of the load distribution in case of the local 
component design of the bridge cap and its con-
nection reinforcement under impact loads accord-
ing to Eurocode the question raises how often the 
plastic forces of the posts have to be considered. 
Choosing the load distribution on one single seg-
ment with the width corresponding to the distance 
between the posts as shown in Figure 5, this ques-
tion does not matter since only the characteristic 
resistance of one single post is considered in the 
calculation.

However, if  a model is used, which is supposed 
to capture the effect of load distribution in lon-
gitudinal direction and which is therefore much 
wider than 1.33 m, it must be clarified how many 
plastic connection forces as illustrated in Figure 4 

have to be applied in order to reflect the effects of 
the impact event on the vehicle restraint system 
 sufficiently. Because there are no normative regu-
lations to be found in DIN EN 1991-2 (2010), it 
is necessary to analyze the load assumption first, 
before load distribution can be investigated.

3 MODIFIED LOAD ASSUMPTIONS 
FOR IMPACT ON VEHICLE 
RESTRAINT SYSTEM

In order to make use of the load distribution in longi-
tudinal direction for the necessary verification of the 
connection reinforcement between the cap and the 
cantilever, the load assumptions for the local compo-
nent design need to be clarified in the first place.

Usually the load assumption, especially for the 
structural design (see section 2.2), are derived from 
full scale impact tests. These tests are very diffi-
cult to perform and therefore very expensive. This 
is the reason why experimental investigations to 
obtain load models are no option within this study. 
Furthermore, there is a huge number of different 
vehicle restraint systems available, that would have 
to be tested in order to obtain a generalized load 
assumption.

In order to estimate the required number of post 
forces which have to be applied on the concrete cap, 
a practical solution was chosen by performing cal-
culations based on the plastic hinge theory using a 
strut and tie model, which is intended to reflect the 
vehicle restraint system. The strut and tie model 
is illustrated in Figure 6. At the clamped supports 
of the post-rods plastic hinges are defined, which 
can carry forces in the amount of the character-
istic resistance of the restraint system according 
to Table 1, right column. As an external load, the 
horizontal equivalent load of 200 kN for the struc-
tural design according to DIN EN 1991-2 (2010), 
class B is applied to the system.

The aim of the calculations is to find out how 
many posts have to be activated in order to carry 
the horizontal load from the respective load class 
and how many of them are reaching their plastic 

Figure 5. Load distribution of impact loads in the local 
component design. Figure 6. Strut and tie model of vehicle restraint system.
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ultimate bearing capacity. For further information 
see (Niederwald et al. 2014).

The numerical simulations were performed so 
far for the vehicle restraint system “Super-Rail Eco 
Bw” as listed in Table 1. The reaction forces at the 
clamped supports of the post-rods are illustrated in 
Figure 7. It can be seen that the two posts close to 
the applied impact force are reaching their plastic 
shear capacity. In total four of the posts are getting 
loaded, while the first and the last post are applied 
with much smaller loads then the two in the middle.

Regarding the results from the strut and tie model 
as presented in Figure 7 it is possible to derive a 
propsal for a safe load arrangement for the investi-
gated vehicle restraint system. The calculated reac-
tion forces have be to be multiplied with the factor 
1.25 according to DIN EN 1991-2 (2010) before 
they can be applied as loadings on a model for the 
concrete cap. The proposed load arrangement for 
the vehicle restraint system “Super-Rail Eco Bw” 
is shown in Figure 8. It can be seen, that four post 
forces are applied at the same time, whereby the 
first and the last one are only applied with 50% 
of the characteristic resistance of the crash barrier 
with respect to the lower reaction forces of the two 
outer posts.

4 STUDYING LOAD DISTRIBUTION 
OF IMPACT LOADS ON CONCRETE 
BRIDGE CAPS

4.1 Finite element simulations

In order to study the effect of the load distribution 
in longitudinal direction within the bridge cap finite 

element simulations are getting performed using a 
folded plate structure of the cap. The finite element 
model of the concrete cap is illustrated in Figure 9. 
The bridge cap is discretized with two-dimensional 
finite elements that are capable of considering the 
nonlinear material behavior of reinforced concrete. 
It is important to take realistic material behaviour 
into account to prevent overestimating of the stiff-
ness of the cap and consequently overestimating 
the distribution of the impact loads.

The plate of the cap is elastically bedded to 
simulate the support on the bridge cantilever. The 
bedding can transmit compression forces only. In 
case of tension forces the bedding fails and the 
internal forces are getting redistributed. The con-
nection between the cap and the superstructure at 
the tip of the cantilever is modeled by two nonlin-
ear springs, which are supposed to carry the hori-
zontal loads and also the bending moments caused 
by the vehicle impact. The upper spring represents 
the behaviour of the connection reinforcement. 
Upon reaching the yield strength of the reinforce-
ment, the spring can absorb any further load and 
the forces are getting redistributed in longitudinal 
direction. The bottom spring is describing the pres-
sure point for the rotional loadings. Its characteris-
tics are derived from the material behaviour of the 
cap-concrete. The distance between the pairs of 
springs in longitudinal direction corresponds to the 
distance between the connection reinforcement.

The following results of studying the load distri-
bution using the described model are done for two 
impact situations: impact in the middle of the cap 
and impact at the beginning of the cap.

4.2 Distribution of modified load arrangement 
for the local component design situation

For the following study of the load bearing behav-
iour of a concrete bridge cap the modified load 
arrangement presented in section 3 was applied 
as an external loading on the cap for two different 
impact situations: impact in the middle and at the 
beginning of the cap. In Figure 10 the  deformation 

Figure 7. Reaction forces at the clamped supports of 
the post rods of the strut and tie model of the vehicle 
restraint system “Super-Rail Eco Bw”.

Figure 8. Proposed load arrangement for the vehicle 
restraint system “Super-Rail Eco Bw”.

Figure 9. Finite element model of a concrete bridge cap.
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The height of  the cap has only little influence on 
the distribution for the impact in the middle of  the 
cap, while the curves for the impact at the begin-
ning are differing a little in the area of  decreasing 
tension forces.

In Figure 12 the maximum tension forces acting 
in the connection reinforcement are plotted in ref-
erence to different cap widths ranging from 2.0 m to 
5.0 m for the two impact situations and two differ-
ent heights of the cap of 15 cm and 25 cm. It can be 
seen that with increasing cap width the maximum 
tension forces in the reinforcement are decreasing 
rather fast. This can be explained by the increasing 
load distribution length with increasing stiffness of 
the shear panel of the cap.

Figure 10. Deformation figures for a) impact in the 
middle of the cap and b) impact at the beginning of 
the cap.

Figure 11. Tension forces in the connection reinforce-
ment for a) impact in the middle of the cap and b) impact 
at the beginning of the cap.

Figure 12. Maximum tension forces in the connection 
reinforcement for different cap widths.

figures for both impact situations can be seen. 
Note that this kind of deformation is rather unre-
alistic due to the fact of an axle load usually being 
present while the impact on the vehicle restraint 
system is occurring. Therefore, a lifting of the cap 
is rather unlikely.

The deformations figures are indicating that the 
impact loads are getting distributed in longitudinal 
direction. It is therefore possible to make use of it 
in terms of performing the necessary verifications 
of the connection reinforcement between the cap 
and the bridge superstructure successfully.

In order to study how the load distribution in 
the local component design is influenced by the 
geometry of the cap, a parameter study was per-
formed, for which first results are presented in the 
following figures.

In Figure 11 the tension forces acting in the 
connection reinforcement between the cap and 
the bridge cantilever are plotted in reference to the 
length of  the cap for different heights of  the cap of 
15, 20 and 25 cm. The results for the impact in the 
middle of  the cap are shown in Figure 11a and the 
results for the impact at the beginning are plotted 
in Figure 11b. It can be noted, that in both impact 
situations the connection reinforcement reaches 
its yielding strength over a certain length, which 
is indicated by the two plateaus in Figure 11a 
and 11b. Regarding the curves for the impact in 
the middle of  the cap, the connection reinforce-
ment of  the cap with a height of  25 cm is the 
only one for which the tension forces are slightly 
underneath the yielding strength. The results pre-
sented in  Figure 11 indicate that the impact at the 
beginning of  the cap becomes decisive for the load 
distribution within the  connection reinforcement. 
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4.3 Distribution of impact loads according 
to DIN EN 1991-2 (2010) for the 
structural design

The distribution of impact loads according to 
DIN EN 1991-2 (2010) for the structural design 
situation was also investigated using the above 
described finite element model for the cap. The 
applied loads are shown in Figure 2. The study was 
performed with the aim to somehow modify the 
effective width for the bending and shear design 
of bridge cantilevers like it is shown in Figure 3 
in order to enlarge the length of load distribution 
for the recalculation of existing bridges. Unfortu-
nately, the numerical simulations showed that the 
chosen model for the concrete cap is not able to 
describe the load bearing behaviour under that 
kind of loadings in a realistic manner. It is there-
fore planned to take the influence of the bridge 
cantilever into account in further studies.

5 CONCLUSION AND OUTLOOK

The loadings which have to be applied due to the 
impact on crash barriers have been increased sig-
nificantly within the last decade because of the fact 
of rising requirements regarding the containment 
capacity of vehicle restraint systems. Therefore new 
systems were developed, which can transmit higher 
impact forces into the bridge superstructure. In 
case of retrofitting an existing bridge with a mod-
ern crash barrier system, this leads to problems 
regarding the safety in the ultimate limit state. To 
avoid an expensive strengthening of the bridge it is 
helpful to take advantage of the load distribution in 
longitudinal direction of the bridge. Therefore, this 
paper studies the load bearing behaviour of exist-
ing concrete bridge caps using a nonlinear finite 
element simulation. First of all, load assumptions 
for vehicle impact according to DIN EN 1991-2 
(2010) were presented. Because of a lack of nor-
mative regulation for the local component design a 
modified load arrangement for one specific vehicle 
restraint system was developed and described in 
section 3. The modified loadings were then used 
for a parameter study, which was done to investi-
gate the influence of different sizes of bridge caps. 
First results showed that the effect of load distri-
bution on the acting tension forces in the connec-
tion reinforcement is significantly. The structural 
behaviour of existing bridge caps will be therefore 
investigated in more detail in further studies. It is 
also planned to improve the  structural model in 

order to take the influence of the bridge cantilever 
into account for the distribution of impact loads 
in the structural design situation according to DIN 
EN 1991-2 (2010).
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Laser Induced Breakdown Spectroscopy (LIBS)—innovative method 
for on-site measurements on chloride contaminated building materials

S. Millar, T. Eichler, G. Wilsch & C. Gottlieb
BAM, Federal Institute for Material Research and Testing, Berlin, Germany

ABSTRACT: The Laser Induced Breakdown Spectroscopy (LIBS) for the investigation of element dis-
tributions and ion transportation in building materials (especially for concrete) is established at BAM. 
The method is a combination of laser ablation and optical emission spectroscopy. With its translation 
stage (lab-system) or scanner system (mobile system) the element distribution is evaluated and the hetero-
geneity of concrete is considered in the results. The spatial resolution of a measurement may reach 50 μm 
with maximum pulse frequency up to 100 Hz. The whole system is automated that minimize the time of a 
measurement and also the probability of errors. All elements are detectable and with the use of reference 
samples a quantitative analysis is possible. A validated mobile LIBS-system for on-site application on 
building materials is under development at BAM. The system is designed to measure the content of harm-
ful species like chlorine, sulphur or alkalis to give the engineer a tool for the estimation of the condition 
of concrete structures and quality assurance during concrete repair work on-site.

 investigation, biomedical investigation, forensic 
investigation or industrial applications like proc-
ess control, recycling, sorting and quality control 
during manufacturing (Hahn & Omenetto 2012¸ 
Noll 2012).

At BAM LIBS has been successfully applied 
for investigations on distribution and transport of 
different ions in building materials (Wilsch et al. 
2005 & 2011, Weritz et al. 2005 & 2006 and Eichler 
et al. 2010).

The challenge of separating aggregates and 
cement-matrix in studying element distributions of 
concrete based materials, which is e.g. wet chemi-
cal analyzes unfit to do, solves LIBS at BAM with 
a scanning system. Taking the heterogeneity of 
concrete into account is necessary and elemen-
tary, because the main transport-processes occur 
in the cement-matrix via pores. In damaged con-
crete the transport processes can be supported by 
cracks. With a spatial resolution of 50 μm and the 
aforementioned scanning technique LIBS is able 
to image the transport of harmful ions by cracks 
(Fig. 1).

The performance of LIBS is demonstrated by 
investigation of a number of concrete cores drilled 
out of a chloride contaminated parking deck. 
A second example illustrates the detection of the 
carbonation depth. LIBS as a promising technique 
is currently on the step from pure laboratory appli-
cations to an on-site analyse technology. In coop-
eration with system developers and companies a 
mobile LIBS-system is in development at BAM.

1 INTRODUCTION

Concrete buildings are designed in consideration 
of a specific expected lifetime. Usually for rein-
forced concrete structures in civil engineering as 
e.g. multi-storey car parks a minimum life time of 
approximately 50 years is strived for. Environmen-
tal factors like weather, location or general exposi-
tion can force aging—and damage-processes due 
to deterioration of concrete and/or reinforcement. 
The ingress of harmful species like CO2 or Cl− 
causes corrosion of the embedded reinforcement 
in the concrete structure. In this case especially 
older constructions with insufficiently concrete 
cover are not able to attain the assessed life time. 
Laser Induced Breakdown Spectroscopy (LIBS) 
can be applied as a fast and reliable method in 
order to identify harmful species and their accom-
panying damage processes.

The LIBS method is a combination of material 
ablation, plasma formation and analysis of emit-
ted radiation by spectroscopic methods. To gener-
ate plasma a high energy pulsed Nd:YAG-laser is 
focused on a surface. The radiation of the plasma 
is analysed by a spectrograph and in combination 
with a CCD-camera. As a matter of principle all 
elements are detectable, even light elements like 
hydrogen or sodium. The results can be quantified 
by calibration.

LIBS may be used on gases, liquids or sol-
ids. There are a lot of applications in different 
fields like environmental analysis, pharmaceutical 
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2 LIBS

2.1 Experimental setup (lab-system)

For investigations on concrete samples in the lab-
oratory the experimental setup is shown as sche-
matic diagram in Figure 2.

A pulsed NdYAG laser (Innolas Spitlight 600) 
with a output energy of 350 mJ per pulse is used 
at a fundamental wavelength of 1064 nm. Pulse 
frequencies from 10 Hz to 50 Hz can be used. 
The beam is guided through a beam expander 
and focused on the sample surface with a lens (f = 
50 mm). The spot size at the surface is ≤ 0,2 mm. 
Due to the high energy density in the focus area 
plasma ignites and radiates for some μs. The light 
emitted from the plasma is guided by an opti-
cal fibre to a Czerny-Turner type spectrometer 
(Shamrock 330i). In front of the entrance slit of 
the spectrometer an edge filter to suppress light 
with wavelength below 550 nm is located. A CCD-
camera (Andor Idus DV420A) is used as detector.

The investigated specimen is located on a trans-
lation stage and may be moved in a plane perpen-
dicular to the laser beam. To remove dust and to 
get a lower limit of detection the environment of 
the plasma is purged with helium.

The setup is controlled by laboratory-written 
LABVIEW software. An automated measurement 
procedure minimises the liability to errors and ena-
bles fast analysis of samples.

2.2 Sample preparation

For LIBS measurements only an optically accessi-
ble surface is necessary. To get volume  information, 

a core has to be cut in the middle. This is done by 
dry cutting or by cutting cooled with petroleum. 
The measurements are performed on the cross sec-
tion of the core (Fig. 3).

2.3 Measurement

For LIBS measurements with the lab-system the 
sample is placed on the translation stage at a con-
stant distance to the lens. The sample is scanned 
line by line. Standard measurements are made, 
depending on the issue, with line spacing between 
0,25 mm to 2,0 mm. The interval of subsequent 
measurements per line is also of the same order. 
Using this scanning technique the heterogeneity of 
concrete is recorded.

The resolution of a measurement is a compro-
mise between exact reproduction of material het-
erogeneity and time for a measurement. The higher 
the resolution is chosen the more time is needed for 
the measurement.

Figure 1. Chloride-ingress at a cracked  concrete speci-
men; crack width = 350 μm; sample-size = 140 mm × 
140 mm; applied with a NaCl-solution from top; darker 
grey represents a higher chloride content.

Figure 2. Experimental setup.

Figure 3. Translation stage with concrete core cut in the 
middle to do measurements on the cross section. During 
the measurement the specimen is moved line by line in the 
plane perpendicular to the laser beam.
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2.4 Mobile system

To give the engineer a tool for on-site inspections 
of concrete buildings, a mobile LIBS-system is in 
development at BAM. This mobile setup is intended 
to help engineers making fast statements about the 
actual condition, the necessity of maintenance 
arrangements and the durability of structures.

The setup of the mobile system is shown in 
 Figure 4. The laser is located in the measuring 
head, which is fixed on a scanner system. The laser 
head is moved by the scanner to take the heteroge-
neity into account. The maximum area, which cur-
rently can be scanned, is 17,0 cm × 15,0 cm. With 
the help of compressed air the scanner can be fixed 
on vertical surfaces or even overhead. The head is 
connected with the control unit via a 5,00 m cable. 
The laser energy is 3 mJ per pulse and can run with 
a frequency up to 100 Hz. The plasma radiation is 
delivered to an optical fibre and analysed by the 
detection unit. To maintain laser safety regula-
tions, a cover in connection with a brush shields 
the laser beam path.

2.5 Evaluation

The data evaluation needs some normalization 
procedures to eliminate interferences like fluctua-
tions of pulse energy, surface properties or dust 
in the beam path. This is done by a LABVIEW 
based software which calculates for every element 
under investigation and for every point measured 
the peak maximum (Ix) proportional to the back-
ground (Bx) (Fig. 5). The result is an element map 
over the measured area which represents the color 
coded intensity values per point. Figure 1 shows an 
example of a 140 mm × 140 mm scanned surface. 
The image contains 19600 measurement points. 
A darker red represents a higher concentration of 
chloride.

The software allows differentiation between 
measurements performed on coarse aggregates 
and the cement-matrix. For example by evaluation 
of calcium content for each point measured.

3 MEASUREMENTS AND RESULTS

3.1 Calibration for chloride

Durdragne et al. (1998) and Tran et al. (2001) used 
the spectral line at 837,6 nm in the Near Infra-
red Range (NIR) to detect chlorine in gases and 
solid organic compounds. By flushing the induced 
plasma with helium, influences of atmospheric ele-
ments like nitrogen or oxygen have been excluded. 
Another advantage of a helium purge is the 
increased sensitivity of the chlorine line.

LIBS is only able to detect the element chlo-
rine, which is in pure form gaseous. In concrete 
normally only occur ions of chlorine (chlorides, 
Cl−). Therefor the signal of the chlorine peak can 
be implied to the total chloride concentration in 
concrete samples.

A typical spectrum on a chloride contaminated 
specimen is shown in Figure 6. The wavelength 
range runs from 810 to 860 nm. Beside chlorine 
other elements occurring in concrete like cal-
cium, oxygen, carbon or sodium can be detected 
simultaneously.

In order to quantify results a calibration is 
 necessary. This is done by measurements on a set 
of reference samples with known element content 

Figure 4. Mobile scanner with fixed laser head (left) 
to scan surfaces and take the heterogeneity of concrete 
into account, connected with the control unit (right) via 
cable.

Figure 5. Normalisation of signals with proportion 
between peak maximum (Ix) and the background (Bx).
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in a similar matrix. The peak at 837,6 nm rises with 
an increasing concentration of chloride in the sam-
ples (Fig. 7). The concentration of chloride in the 
reference samples was determined by wet chemical 
analyses. The concentrations are indicated in wt% 
refer to the weighed portion.

Due to the high energy in the focus area LIBS 
vaporises some μg of the sample surface.  Following 
the results of the wet chemical analysis is correlated 
with the normalised intensity.

As an example the calibration curves for the 
evaluation of quantitative values of chloride are 
shown in Figure 8. In the diagram the calibration 
curve of the lab-system is compared with the curve 
of the mobile setup.

The calibration curves are in a similar range and 
both usable for quantitative measurements. They 
had been made with the same spectrometer, which 
is usually made for lab conditions. The current 
work is to adapt the used settings and configura-
tions into so-called compact spectrometer to get a 
more comfortable setup for on-site investigations.

3.2 Quantitative chloride measurements

In order to quantify results and to extract errors the 
calibration has to be made in the same conditions 
in which the measurement will be made. With the 
calibration curve made in the same ambient atmos-
phere, the results of the measurement (normalised 
intensities) can be converted into quantitative 
 values. In Figure 9 (left) an element map of chlo-
ride is shown. The image shows the chloride distri-
bution on a 40 mm × 70 mm area. The resolution 
(line interval/point distance) is 0,5 mm × 0,5 mm. 
With a pulse frequency of 10 Hz the measurement 
of 11200 points takes less than one hour and with 
50 Hz about 12 minutes.

With the help of elements that rather occur in 
the cement-matrix than in the aggregates or vice 
versa, it is possible to exclude the coarse aggregates. 
These elements could be e.g. calcium or oxygen, 
which are detected simultaneous with chlorine in 
the chosen wavelength range (see Fig. 6). To which 
size the aggregates can be excluded depends on 
the chosen resolution. A comparison of ingress-
 profiles with and without coarse aggregates is 
shown in Figure 10.

To verify the results of the LIBS measurement 
the specimen was examined with wet chemical 
analyses. Therefore the concrete core was cut into 
10 cm slices. These slices were grinded and the 
obtained floor prepared for the determination of 

Figure 6. Typical spectrum measured on concrete in the 
selected NIR wavelength range. The peaks are marked 
with the according element symbols.

Figure 7. Rising chlorine peak at 837,6 nm with increas-
ing chloride concentration of the reference samples.

Figure 8. Calibration curves for chloride. Comparison 
between lab-system and mobile-system. Cl−—content 
of the reference samples were analysed by wet chemical 
analyses.
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by drilling cores. A comparison of relative chlo-
ride concentrations measured in correlation to the 
depth is displayed in Figure 12. The measurements 
were performed on the cross section of three dif-
ferent cores. The cores were taken from a parking 
garage on different positions.

The critical chloride value at which corrosion 
may be initiated is marked by the red line. Core 1 
indicated by the bold marked values is in critical 
condition—repair work is urgently required. Core 
2 has an increased chloride concentration, but not 
critical—monitoring of this area is necessary. And 
Core 3 shows no chloride values. The evaluation of 
these three cores takes less than one hour. Thus a 
large number of cores can be evaluated which form 
a reliable decisional basis for civil engineer.

3.3 Carbonation depth

The durability of reinforced concrete and pre-
stressed steel concrete structures depends, amongst 

Figure 9. Left: chloride distribution on the measured 
surface including all measurement points. Right: chloride 
distribution with excluded coarse aggregates. Dark grey 
represents a higher chloride concentration.

Figure 10. Comparison of ingress profiles of  chlorides. 
The dotted line includes all measurement points and the 
bold shows the ingress with excluded aggregates. The meas-
urement was made with a resolution of 0,5 mm × 0,5 mm.

the chloride concentration. A wet chemical analy-
sis is only able to give information about the mean 
value concentration, which does not consider the 
heterogeneity of concrete. This is done by taking 
the ratio between cement—and aggregate-mass 
into account. With this estimation the mean val-
ues are adapted with a respective factor to get an 
element concentration according to the cement-
matrix. The comparison of both methods is dem-
onstrated in Figure 11.

While gathering the condition of concrete build-
ings, especially corrosion endangered concrete 
buildings, engineer estimate the danger of chlo-
ride induced pitting corrosion of reinforcement 

Figure 11. Comparison of wet chemical analyses and 
LIBS results on the same specimen.

Figure 12. Comparison of the relative chloride concen-
tration measured in correlation to the depth on the cross 
section of three cores. The critical chloride value at which 
corrosion may be initiated is marked by a line. The cores 
where taken from a parking garage on different positions.
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others, on the efforts taken to maintain passivity of 
the reinforcement or pre-stressing steel. The passiv-
ity can not only be lost by the ingress of chloride. 
It can also be lost by the carbonation of concrete. 
The steel can lose his passivity, if  the carbonation 
front reaches the reinforcement. With the imple-
mentation of the DIN EN 206 (previously DIN 
1045), which consists of customised rules for the 
design of reinforced concrete buildings depend-
ent on the exposition (e.g. thickness of concrete 
cover), corrosion caused by carbonation became 
rarely. But older buildings, which had been built 
with older standards, are still endangered. Mostly 
the concrete cover is too thin and the carbonation 
depth has already reached the steel.

The standard procedure to estimate the depth 
of the carbonation depth is the phenolphthalein 
test. The ingress of CO2 entails that the pH-value 
of the pore solution in the concrete decreases from 
12,5/14 to 6/9. By spraying the relevant area with 
phenolphthalein the decreasing of the pH-value 
can be made visible (Fig. 13, left). The region 
where the pH-value is > 9 becomes violet and the 
area where the carbonation front runs (pH-value 
< 9) has no color change.

With LIBS the engineer is able to detect the 
ingress of chloride and CO2 with one measurement. 
By the evaluation of carbon, which also occurs in 
the wavelength range from 810 nm to 860 nm (at 
833,5 nm, Fig. 6), the carbonation front became 
visible (Fig. 13, right).

3.4 On-site measurements on a bridge

In cooperation with companies and authorities 
BAM got the opportunity to make first measure-
ments on a bridge with the mobile LIBS-system. 
The bridge is located at the North Sea and is 
exposed to a saline environment. The aim was to 
get an overview of chloride concentration in cor-
relation to the exposure. The results of the investi-
gation give an impression, if  areas or parts of the 
bridge are more exposed than others.

Figure 13. Comparison of phenolphthalein-test (left) 
and LIBS measurement by evaluating the C-signal at 
833,5 nm.

Figure 14. On-site investigation on a bridge. The scan-
ner with the laser-head is fixed with compressed air at the 
cantilever to estimate the chlorine concentration.

Figure 15. Two surfaces, each 140 mm × 140 mm, meas-
ured on a bridge. Resolution = 2,0 mm × 2,0 mm. Surface 
left was measured on the cantilever and has an average 
chloride concentration of 0,41%. The surface right has 
an average value of 1,34% and was measured on the wall 
(top). One measurement took about 15 min.

The investigation includes the bridge structure, 
including the wall (top and below), the cantilever and 
the floor. Altogether measurements of 23 surfaces, 
each 140 mm × 140 mm, were done on three days. 
The measurements were also made to test the func-
tionality of the mobile system in harsh  conditions. 
First results are shown in Figure 15. It displays that 
the exposure varies between different areas. The top 
of the wall (Fig. 15, right) is exposed to a higher chlo-
ride attack than the cantilever. The mobile system is 
able to detect differences of the exposure on even in 
rougher weather conditions. In further investigations 
the results of the on-site measurements will be veri-
fied on drilled cores in the laboratory.

4 CONCLUSIONS

Following conclusions may be drawn from the 
investigations exemplarily shown above:

• LIBS is able to measure directly on the sample 
surface. Compared to the standard methods 
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in civil engineering only a minimum of sample 
preparation is necessary.

• The method is able to take the heterogeneity 
of  the material into account. Coarse aggre-
gates can be excluded (to which size depends on 
the chosen resolution) by evaluating elements 
that rather occur in the cement-matrix than 
in the aggregates or vice versa, e.g. calcium or 
oxygen.

• With the use of reference samples quantitative 
results can be derived.

• LIBS allows fast measurements with saving time 
and man power in comparison to standard pro-
cedures in civil engineering.

• The possibility to detect several elements at the 
same time allows the engineer to make state-
ments about different damage processes or their 
probability with one measurement. Especially 
for the assessment of corrosion endangered rein-
forced concrete buildings LIBS may is an advan-
tage with detecting the chloride ingress and the 
carbonation front simultaneously.

• The technique is currently on the step from pure 
laboratory applications to an on-site analy-
sis technology. The mobile system (with the 
appropriate detector) is able to give quantita-
tive results, comparable to the lab-system. First 
measurements under rough weather conditions 
were shown.

The setup of rules and standards is the next 
step to establish LIBS as a standard procedure for 
chemical investigations of building materials.
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Enhancing the interpretation of Torrent air permeability method results
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ABSTRACT: The Torrent method is a non-destructive method applicable on site, which is suitable 
to assess near-surface concrete air permeability and has a relevant association with the main corrosion 
inducing factors in reinforced concrete. Nevertheless, due to the usual scatter of  gas permeability, a 
careful interpretation of  results shall be ensued. The aim of  this study was to investigate the influ-
ence of  using different instruments on the air permeability coefficients, obtained according to Torrent 
method. The air permeability coefficient was calculated using as lower pressure value 35 mbar. The 
procedure led to approximate results obtained with different instruments and to a similar scatter. This 
contributes to improve the accuracy and reliability of  air permeability assessment with the Torrent 
method.

1.2 Torrent method

The principle of the Torrent method is to first cre-
ate a certain degree of vacuum in the test chamber 
using a vacuum pump and then cut the connection 
between the vacuum pump and the test chamber 
and measure the rate at which pressure increases 
in the latter. This makes it possible to calculate an 
air permeability coefficient kT associated with this 
method (Torrent & Frenzer 1995).

The calculation is possible only if  one knows 
the flow path (RILEM TC 116-PCD 1999). In this 
method the air flow is unidirectional, which is pos-
sible because of a guard-ring (Fig. 1) and a pres-
sure regulator that balances the pressure in both 
the test chamber and the guard-ring. This feature 
also prevents the air flow into the test chamber 

1 INTRODUCTION

1.1 Background

The unforeseen deterioration of reinforced con-
crete structures has caused growing concerns on 
durability issues. This concern led to considerable 
research efforts and to developments, such as test 
methods capable of providing indications on con-
crete durability.

Onsite measurement of  air permeability 
provides a useful approach to assess the serv-
ice life of  concrete structures, being useful to 
anticipate whether the target service life is to be 
achieved.

However, it is recognized that gas permeability 
results have considerable scatter and are sensi-
tive to some test parameters, e.g. applied pressure 
(Abbas et al. 1999). This scatter and sensitive-
ness may impair the interpretation of air perme-
ability test results. Moreover, according to Ho & 
Lewis (1987), “what is important is the recognition 
of test limitations so that valid interpretation of 
results can be made”.

This study aims at contributing to improve the 
interpretation of results from a non-destructive 
method applicable on site, which is suitable to 
assess near-surface concrete air permeability and 
has a relevant association with the main corrosion 
inducing factors in reinforced concrete: chloride 
penetration (Romer & Leeman 2005) and carbona-
tion (Neves et al. 2012) and that is considered in 
Swiss standard SN 505 262/1 (SIA 2013). The 
method was proposed by Torrent (1992) and is 
presented next. Figure 1. Sketch of the principle of Torrent method.
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from coming mainly through the ‘skin concrete’ 
when the cover concrete is to be assessed.

Air permeability coefficient is calculated accord-
ing to the following equation:
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where kT = air permeability coefficient (m2); 
Vc = volume of  test chamber (m3); A = cross sec-
tion of  test chamber (m2); μ = viscosity of  air 
at 20 °C (N ⋅ s/m2); ε = porosity of  concrete (−); 
pa = atmospheric pressure (N/m2); Δp = pressure 
increase in test chamber (N/m2); ti = time at start 
of  measurement (s); and tf = time at end of  meas-
urement (s).

More details about the method can be found 
elsewhere (Torrent 1992, Torrent et al. 2007).

2 EXPERIMENTAL

2.1 Concrete

Four concrete mixes were prepared using 280 kg/m3 
of binder, a water-binder ratio of 0.7, limestone 
coarse aggregates, natural silica sand and a water 
reducing admixture based on modified lignosul-
phonates. In some of the mixes commercial corro-
sion inhibitor was used and a pozzolanic addition 
replaced Portland clinker.

The tests for this study were performed in small 
cylinders (150 mm diameter and 50 mm tall) sawn 
from larger ones (150 mm diameter and 300 mm 
tall). The larger cylinders were removed from 
molds at 24 hours and kept in tepid (20 °C) water 
for 7 days.

A 7-day curing period has been adopted in 
several research works involving air permeability 
tests (Ribeiro et al. 2003, Torrent 2005), including 
by multinational research groups (Andrade et al. 
2007). Several authors have found experimentally 
that prolonging moist curing beyond 7 days has 
little influence on permeability (Dhir et al. 1987, 
Schonlin & Hilsdorf 1988).

They were then sawn and the test specimens were 
coated with a double layer of adhesive aluminum 
in their molded (curved) surface. After that they 
were kept in a laboratory chamber at 22°C and 
60% RH until testing, which occurred at 28 days. 
The test chamber had a diameter of 40 mm and 
was always placed on sawn surfaces.

Each mix was sampled twice, using concrete 
from different batches. Each sample comprised 
15 specimens. Thus, 120 air permeability measure-
ments were carried out.

2.2 Testing instruments

The air permeability tests were carried out using 
two commercially available instruments that oper-
ates according to Torrent method: the Torrent Per-
meability Tester (TPT) and the Permea-Torr (PT).

Although both instruments follow the same 
basic operation procedures, there are some dif-
ferences. A noteworthy difference is the fact that 
the initial testing pressure (pressure at time ti – see 
Eq. 1), when testing with TPT is the lowest pres-
sure that the system (concrete + instrument + vac-
uum pump) can achieve within 30 seconds, while 
for PT the user is able to set a value between 0 and 
60 mbar, with a recommended value of 30 mbar.

Another relevant difference is the estimation of 
pressure variation in the test chamber. The pres-
sure variation in the testing chamber is not only 
due to the incoming air flow from concrete but 
also to system losses. The effective pressure varia-
tion shall be the measured variation minus losses. 
To estimate losses a meta-test is carried out over 
an impermeable surface, commonly designated as 
calibration. The measured pressure variation is 
attributed to system losses.

The calibration pressure range for TPT is from 
the lowest pressure that the system (imperme-
able surface + instrument + vacuum pump) can 
achieve within 30 seconds to the pressure elapsed 
12  minutes. As the lowest pressure achieved varies 
between meta-test and concrete testing and the sub-
traction of system losses is for corresponding time 
intervals, there is a shift on the subtracted pressures 
(losses). When testing with PT, this can be avoided 
as the user is able to set the lowest calibration pres-
sure to the same value as for concrete testing.

Each sample was divided in two subsamples. 
The subsamples with 7 specimens were tested 
with TPT while the subsamples with 8 specimens 
were tested with PT. Contrary to what happened 
in other studies (Torrent 2012) each specimen was 
tested by only one instrument.

3 ANALYSIS

3.1 Raw air permeability coefficients

A total of 120 air permeability tests were carried 
out and grouped in 8 sets (4 mixes sampled twice). 
According to Neves et al. (2012), the median has 
shown to be a suitable parameter to represent 
a sample from an air permeability  population. 
Therefore, each set of results is represented by 
its median air permeability coefficient (kT) in 
 Figure 2, where the results from each instrument 
are also compared.

Although it can be observed that there are con-
sistent differences in the median values of each set, 
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a statistical test of hypothesis was applied to check 
if  results from both instruments are equivalent.

According to Neves et al. (2012) the  analysis 
of air permeability results shall be performed 
assuming no particular statistical distribution of 
the data. Therefore, a non-parametric test, the 
Mann-Whitney-Wilcoxon test, was adopted to test 
the null hypothesis that the two populations are the 
same. Thus, eight bilateral tests of hypothesis were 
performed. According to the results presented 
in Table 1, at a significance level of 5%, the null 
hypothesis was rejected in seven of the eight tests.

As, effectively, the compared populations are the 
same, the reason for rejecting the null hypothesis 
shall be attributed to the testing instruments. Then, 
an empiric analysis of the test data that supported 
the calculation of kT was carried out. In this analy-
sis it was found that although higher pressure vari-
ation occurred with TPT instrument, the final rate 
of pressure variation was similar with both instru-
ments. Moreover, it was found that for absolute pres-
sures less than 35 mbar, the rate of pressure variation 
with the square root of time (see Eq. 1) with the TPT 
instrument was not constant, which is in opposition 
to the theoretical background of the test. An exam-
ple of this situation is presented in Figure 3.

Part of this deviation from the expected linear-
ity can be explained by part of the test being run 
below vapor pressure, causing evaporation of water 
from concrete into the evacuated test  chamber 

Figure 2. kT results with TPT and PT instrument.

Table 1. P-values of Mann-Whitney-Wilcoxon test for 
kT results with TPT and PT instrument.

Mix Batch P-value Batch P-value

Z #1 ≈10−4 #2 0.555
I #1 ≈10−4 #2 ≈10−4

H #1 0.018 #2 0.028
O #1 0.003 #2 ≈10−4

(Romer 2005). Another contributing factor may be 
the shift in the correction of the pressure variation 
(see 2.2).

3.2 Modified air permeability coefficients

Based on the prior analysis, the air permeabil-
ity coefficients were recalculated, considering, in 
Equation 1, pi = 35 mbar and ti the corresponding 
time. The symbol for these recalculated air perme-
ability coefficients is kT35. In one of the eight sets, 
corresponding to the second sample of mix I (I#2), 
in four of the seven specimens tested with TPT, the 
maximum pressures reached within the test were 
under 35 mbar. Therefore, for these specimens, it 
was not possible to calculate kT35.

A comparison between raw and modified air 
permeability coefficients is presented in Figure 4.

Similar values are found for tests carried out with 
PT, which was expected given the linear behavior 
observed in the previous analysis, as well as lower 
kT35 than kT for tests carried out with TPT. This 
was also expected, as the water evaporation effect 
(see 3.1) was cut out.

Figure 4. kT values versus kT35 values.

Figure 3. Pressure variation with time (example for 
sample Z#1).
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Figure 5. Boxplot for kT35 results.

Figure 6. kT35 results with TPT and PT instruments.

Again assuming no particular statistical distri-
bution, the obtained kT35 are displayed in boxplots 
(Fig. 5). Outliers, which are cases between 1.5 and 3 
boxlengths from the edge of the box, are identified 
with a “o” mark. Extreme outliers, which are cases 
more than 3 boxlengths away from the edge of the 
box, are identified with a “*” mark. The boxlength 
is the interquartile range of the results (Foster 
1998).

In 7 of the 16 represented sets, there are outliers, 
a ratio similar the one found by Neves et al. (2012). 
The outlier distribution between instruments is 
quite equitative. According to Neves et al. (2012), 
a single void or micro-crack, may increase air per-
meability by more than one order of magnitude. 
Thus, the found outliers shall be attributed to con-
crete than to testing operator or instruments.

The medians of the 8 set of results obtained 
with each instrument are presented and compared 
in Figure 6.

Contrary to what happens in Figure 2, similar 
median values of each set for both instruments 
are found. The Mann-Whitney-Wilcoxon test was 
applied to check if  results from both instruments 

Table 2. P-values of Mann-Whitney-Wilcoxon test for 
kT35 results with TPT and PT instrument.

Mix Batch P-value Batch P-value

Z #1 0.121 #2 0.613
I #1 ≈10−4 #2 0.133
H #1 0.281 #2 0.463
O #1 0.613 #2 0.054

are equivalent. According to the results presented 
in Table 2, at a significance level of 5%, the (null) 
hypothesis that the two populations are the same 
cannot be rejected in seven of the eight tests.

To assess whether the change on the initial 
testing pressure would influence the scatter of 
the results, and again assuming no particular 
statistical distribution of  the data, the quartile 
variation coefficients for kT and kT35 (Eq. 2) were 
computed.

V
Q Q
Q Q

= ×100 3 1Q QQ Q

3 1Q QQ Q
 (2)

where V = quartile variation coefficient; Q3 = third 
quartile; and Q1 = first quartile.

Quartile variation coefficients of raw and modi-
fied results obtained with TPT and PT instruments 
are presented and compared in Figure 7.

Although in some cases the scatter increased, in 
other cases it has decreased, being the overall bal-
ance practically nil.

However, as with the adopted procedure the 
range of pressure variation diminishes, it may be 
expected that the test loses capability to differenti-
ate air permeability of different mixes.

The mixes used in the present study have the same 
water-binder ratio, a major influencing parameter 
on concrete permeability (Jensen & Hansen 2001). 
Thus, they are not suitable to assess if  the adopted 
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procedure causes differentiation capability loss. To 
carry out this assessment, air permeability data of 
two mixes from a study presented by Neves (2012) 
were adopted.

One of the selected mixes has 290 kg/m3 of 
cement CEM IV/A-V (CEN 2001) and a water-
cement ratio of 0.54, while the other has 340 kg/m3 
of cement CEM IV/A-V and a water-cement ratio 
of 0.46. Both have limestone coarse aggregates, 
natural silica sand and a water reducing admixture: 
based on modified lignosulphonates for the first 
one and based on polycarboxilic ether the second.

It was not possible to calculate kT35 for all speci-
mens, as in one for each mix the final pressure did 
not reach 35 mbar.

The Mann-Whitney-Wilcoxon test was applied 
to check if  both mixes have the same air perme-
ability (kT35). The test returned a p-value near 
zero, which means that, at a significance level of 
5%, or much lower, the (null) hypothesis that the 
two populations have the same air permeability is 
rejected. This is a preliminary indication that cal-
culating the air permeability coefficient consider-
ing an initial pressure of 35 mbar does not impair 
its representativeness.

4 CONCLUSIONS

A comparative study of air permeability results 
using two different instruments for the same 
method in different specimens of the same sample 
was developed. Based on the collated data and its 
analysis, it was possible to found that:

− Testing with TPT instrument generally leads to 
higher air permeability coefficients than testing 
with PT instrument;

− Pressure variation has a fairly linear relationship 
with the square root of time when testing with 
PT instrument;

− When testing with TPT instrument, a fairly lin-
ear relationship of pressure variation with the 
square root of time is only achieved of 35 mbar 
onwards;

− Calculating the air permeability coefficient con-
sidering an initial pressure of 35 mbar, does not 
affect the air permeability coefficients when PT 
is applied;

− Calculating the air permeability coefficient con-
sidering an initial pressure of 35 mbar, affects 
the air permeability coefficients obtained test-
ing with TPT making them equivalent to those 
obtained testing with PT;

− Calculating the air permeability coefficient con-
sidering an initial pressure of 35 mbar does not 
affect the scatter of air permeability results;

− There are preliminary indications that calculat-
ing the air permeability coefficient considering 
an initial pressure of 35 mbar does not impair 
the air permeability differentiation capacity of 
the method.

Thus, an adjustment of already calculated air 
permeability coefficients based on data obtained 
with TPT instrument, considering an initial pres-
sure of 35 mbar, is advised, as it corresponds to an 
improvement of such air permeability assessments. 
Nevertheless, for less permeable concretes, the 
adjustment may not be possible, as testing pressure 
may always be below 35 mbar.

Moreover, if  air permeability tests are to be 
carried out using TPT instrument, it is recom-
mended to cut the connection between the vacuum 
pump and the test chamber when pressure reaches 
approximately 35 mbar and to apply the same pro-
cedure for the meta-test (calibration).

REFERENCES

Abbas, A. et al. 1999. Gas permeability of concrete in 
relation to its degree of saturation. Materials and 
Structures 32: 3–8.

Andrade, C. et al. 2007. Comparative test—Part I: 
 ‘Penetrability’ methods. In R. Torrent & L. Luco 
(eds), Non-destructive evaluation of the penetrability 
and thickness of the concrete cover: 157–185. Bagneux: 
RILEM Publications.

CEN 2001. EN 197-1, Cement Part—1: Composition, 
specifications and conformity criteria for common 
cements. Brussels: CEN.

Dhir, R. et al. 1987. Near-surface characteristics of 
concrete: assessment and development of in situ test 
methods. Magazine of Concrete Research 39 (141): 
183–195.

Foster, J. 1998. Data analysis using SPSS for Windows—
version 6: A beginner’s guide. London: SAGE.

Ho, D. & Lewis, R. 1987. A reply to discussions of the 
paper ‘Carbonation of concrete and its prediction’. 
Cement and Concrete Research 17: 1005–1008.

Figure 7. Quartile variation coefficients for kT and kT35 
results.

ICCRRR15_Fullpaper_Book.indb   285ICCRRR15_Fullpaper_Book.indb   285 8/27/2015   9:11:14 AM8/27/2015   9:11:14 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-40&iName=master.img-006.jpg&w=189&h=124


286

Jensen, O. & Hansen, P. 2001. Water-entrained cement-
based materials: I. Principles and theoretical back-
ground. Cement and Concrete Research 31(4): 647–654.

Neves, R. 2012. Concrete air permeability and carbonation 
in structures (in Portuguese). PhD Thesis in Civil Engi-
neering. Lisbon: Instituto Superior Técnico-Technical 
University of Lisbon.

Neves, R. et al. 2012. About the statistical interpretation 
of air permeability assessment results. Materials and 
Structures 45 (4): 529–539.

Ribeiro, A. et al. 2003. Performance of concrete with an 
intended life of 50 years. ACI Special Publication 212: 
871–890. Farmington Hills: ACI. 

RILEM TC 116-PCD 1999. Concrete durability—An 
approach towards performance testing. Materials and 
Structures 32 (3): 163–173.

Romer, M. & Leeman, A. 2005. Sensitivity of a non-
 destructive vacuum test method to characterize 
concrete permeability. In M. Alexander et al. (eds), 
Concrete repair, rehabilitation and retrofitting; Proc. 
inter. conf., Cape Town, 21–23 November 2005. Boca 
Raton: CRC Press.

Romer, M. 2005. Effect of moisture and concrete com-
position on the Torrent permeability measurement. 
Materials and Structures 38: 541–547.

Schönlin, K. & Hilsdorf, H. 1988. Permeability as a mea-
sure of potential durability of concrete—Development 
of a suitable test apparatus. ACI Special Publication 
108: 99–115. Farmington Hills: ACI.

SIA 2013. SN 505 262/1, Construction en béton— 
Spécifications complémentaires, Annexe E: perméabi-
lité à l’air dans les structures. Zurich: SSIA.

Torrent, R. & Frenzer, G. 1995. Methoden zur messung 
und beurteilung der kennwerte des uberdeckungsbetons 
auf der baustelle—Teil 2 (in German). Bern: Office 
Federal des Routes.

Torrent, R. 1992. A two-chamber vacuum cell for mea-
suring the coefficient of permeability to air of the 
concrete cover on site. Materials and Structures 25 (6): 
358–365.

Torrent, R. 2005. Towards a performance-based speci-
fication and conformity control of durability. In 
A.A. Di Maio & C.J. Zega (eds) Structural con-
crete and time; Proc. fib symposium, La Plata, 28–30 
 September 2005.

Torrent, R. 2012. Non-destructive air-permeability 
measurement: from gas-flow modelling to improved 
testing. 2nd International Microdurability conference, 
Amsterdam, 11–13 April 2012.

Torrent, R. et al. 2007. Non-destructive methods to 
measure gas-permeability. In R. Torrent & L. Luco 
(eds), Non-destructive evaluation of the penetrability 
and thickness of the concrete cover: 35–70. Bagneux: 
RILEM Publications.

ICCRRR15_Fullpaper_Book.indb   286ICCRRR15_Fullpaper_Book.indb   286 8/27/2015   9:11:14 AM8/27/2015   9:11:14 AM

  

http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2FBF02479545
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0008-8846%2801%2900463-X


287

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2

Combined Non Destructive Testing for concrete compressive 
strength prediction

G. Concu, B. De Nicolo, N. Trulli & M. Valdés
Department of Civil Engineering, Environmental and Architecture, University of Cagliari, Cagliari, Italy

ABSTRACT: Non Destructive Testing (NDT) techniques are widely used in civil engineering for 
 evaluating materials and structural mechanical parameters such as in situ concrete compressive strength. 
A combination of two or more NDT techniques is generally recommended, in order to reduce errors 
 dependent on materials, aggregate dimension and size, environmental parameters, so that the accuracy of in 
situ concrete compressive strength estimation is improved. An experimental campaign has been  carried out 
on several concrete cubic specimens having different design concrete strength, with the aim of  determining 
robust correlations between compressive strength, rebound index and ultrasonic pulse velocity and of 
evaluating the reliability of the proposed correlations in predicting concrete  compressive strength. For this 
purpose, after NDT techniques have been carried out, specimens have been put through  compressive test. 
The influence of time curing and compressive strength class has been taken into consideration.

However, these correlations should be determined 
by statistical regression of experimental data, and 
they should be calibrated through compressive 
tests carried out on cored samples.

In this frame, an experimental campaign has 
been carried out on several concrete cubic speci-
mens having different design concrete strength in 
order to determine robust correlations between 
compressive strength, rebound index and ultra-
sonic pulse velocity and to evaluate the reliability 
of the proposed correlations for estimating in situ 
concrete compressive strength.

2 MATERIALS AND METHODS

The experimental campaign has been carried out 
on 90 standard concrete cubic specimens with a 
side length of 150 mm. Specimens have been casted 
by using three different design concrete strength 
(C8/10, C25/30 and C45/55) according to EN 206 
and they have been sorted into three groups each 
made of 30 specimens. Each group is labeled as the 
corresponding strength class. Strength classes are 
defined by both the characteristic cylinder strength 
fck and the characteristic cubic strength Rck, evalu-
ated at 28 days of curing on cylindrical and cubic 
specimens respectively. UT, RHT and compressive 
tests have been carried out on the specimens.

2.1 Ultrasonic testing

NDT techniques based on ultrasonic wave propaga-
tion are used in structural diagnosis for  investigating 

1 INTRODUCTION

Assessing the concrete compressive strength of 
existing structures without affecting  buildings 
functionality and serviceability is a very 
 important task. A standardized procedure for 
 determining in situ concrete compressive strength 
is the core  extraction method (EN 12504-1, 2009) 
 Nevertheless, this method gives partial information 
because cores strength is affected by: i) the location 
of the concrete in the structural element, ii) the 
core orientation, iii) the amount and distribution 
of moisture in the core at the time of the test, iv) 
the age of concrete. Italian and European regula-
tions (Italian Building Code, 2008 and Eurocode 
8—part 3, 2005) consent that core extraction 
is complemented by Non Destructive Testing 
(NDT) techniques, which estimate materials and 
 structural mechanical parameters from non inva-
sive measurements of other parameters empirically 
correlated to the mechanical ones. A combination 
of two or more NDT techniques is generally rec-
ommended, in order to reduce errors dependent 
on  materials, aggregate dimension and size, envi-
ronmental parameters, so that the accuracy of 
in situ concrete compressive strength estimation 
is improved (Concu, 2011, Breysse, 2012). The 
 combination of Rebound Hammer Test (RHT) 
and Ultrasonic Testing (UT) is one of the most 
commonly used and several correlations between 
the rebound index Ir, the ultrasonic pulse  velocity 
V and the compressive strength are available in 
literature (RILEM NDT 4, 1993, Di Leo, 1994, 
Gasparik, 1992, Lenzi, 2010, Tanigawa, 1984). 
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a wide range of structures and  infrastructures, and 
in laboratory for materials characterization, for 
example concrete and rock elements (EN 12504-4, 
2004 and EN 14579, 2004). UT traditional appli-
cation is based on measurements of the  velocity 
V of waves propagating through the material. 
The  velocity is obtained from the ratio l/t, where 
t is the time the wave needs to travel along the 
path of length l. V is a function of material elastic 
modulus, Poisson’s number and density, thus it is 
directly related to structures elastic parameters, and 
indirectly to mechanical ones. UT is preferentially 
carried out applying the Direct Transmission Tech-
nique (DTT), in which the wave is transmitted by a 
transducer through the test object and received by 
a second transducer on the opposite side. DTT is 
effective as the broad direction of wave propagation 
is perpendicular to the source surface and the signal 
travels through the entire thickness of the item.

Ultrasonic measurements are affected by several 
factors, including: i) moisture content and tem-
perature of the concrete, ii) water content of the 
concrete, iii) path length, iv) shape and size of the 
specimen, v) cracks, fissures and voids.

In this study the DTT has been carried out on 
specimens (Fig. 1) at 7, 14 and 28 days of curing 
and it has been performed using the ultrasonic test 
equipment Pundit Lab+, developed by Proceq®. 
The testing equipment includes:

− a pairs of standard transducers with natural 
frequency of 54 kHz for emitting and receiving 
signals;

− a unit for signals generation, acquisition and 
preliminary analysis;

− a PC for data storage and further signal 
processing;

− a dedicated software, Pundit Link, which unlocks 
the full capabilities of the ultrasonic test system.

The energizing signal is a square wave with high 
input voltage of 500 V which allows signals to be 
detected even if  strongly attenuated.

For each specimen, eight measures of velocity 
have been performed. The velocity value associated 
with a specimen represents the mean value meas-
ured on the specimen itself.

2.2 Rebound Hammer Test 

RHT is a surface hardness test and it is based on 
the principle that the rebound of an elastic mass 
strongly depends on the hardness of the concrete 
surface against which the mass strikes. When the 
rebound hammer plunger is pressed against the 
concrete surface, the spring controlled mass in 
the hammer rebounds. The amount of the mass 
rebound depends on the concrete surface hardness. 
(EN 12504-2, 2012).

The factors that mostly affect the rebound index 
Ir are: i) the type, dosage and size of aggregates, ii) 
the cement type and dosage, iii) surface conditions 
(wetting, carbonation, roughness).

In this study each specimen has been placed in 
a press in order to avoid movements caused by the 
impact of the hammer and for each face of the 
specimen the rebound index Ir has been measured 
(Fig. 2).

After performing both UT and RHT, compres-
sive tests have been carried out on the specimens 
according to EN 12390-3, 2009.

2.3 SonReb method

The SonReb method, formerly developed by 
RILEM Technical Committees, performs a combi-
nation of UT and RHT measurements in order to 
partially reduce the uncertainties of each method 
and to provide a more reliable estimation of the 
concrete compressive strength (Concu, 2014).

The uncertainty of RHT and UT due to the vari-
ous factors cited in 2.1 and 2.2 respectively, could be 
partially contrasted by using both  methods together. 
The cross-examination of V and Ir is advantageous 

Figure 2. Rebound hammer test on a cubic specimen.Figure 1. Ultrasonic testing on a cubic specimen.
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because Ir provides information about the concrete 
strength near the surface, whilst V is affected by the 
inner concrete properties. Moreover, some influenc-
ing factors, as moisture content and concrete age, 
show an opposite effect on UT and RHT (Guida, 
2012, Masi, 2013, Pucinotti, 2015). Thus, the appli-
cation of the SonReb method allows the influencing 
factors to be contained.

The relationship between concrete compressive 
strength fc, V and Ir is described in the literature 
by several models, one of which, very commonly 
applied, is given by the following equation:

f a V Icff
b

rI c⋅a  (1)

where a, b and c are correlation coefficients deter-
mined from the experimental data by the method 
of least squares. These coefficients strongly depend 
on the characteristics of the concrete taken into 
consideration. Therefore a, b and c should be cali-
brated on the basis of compressive strength tests 
carried out on cores.

3 RESULTS AND DISCUSSION

UT measurements have been carried out on cubic 
specimens after 7, 14 and 28 curing days in order to 
take the influence of the curing process into consid-
eration. Table 1 reports the average values (V), the 
Standard Deviation (SD) and the Coefficient of 
Variation (COV) of measured ultrasonic velocity.

During the curing process an increase of ultra-
sonic pulse velocity can be noted for each group of 
specimens. As an example Figure 3 shows the vari-
ation of V for C25/30 specimens. A similar trend 
has been obtained for C8/10 and C45/55.

Table 2 reports the average values of rebound 
index (Ir) and compressive strength (fc) measured at 
28 days of curing. Cylindrical compressive strength 
has been evaluated from the cubic compressive 
strength according to the Italian Building Code.

Table 1. Variation of ultrasonic pulse velocities during 
the curing process.

Curing 
time

Strength 
class

V 
(m/s)

SD 
(m/s)

COV 
(%)

7 days C8/10 3505 12.15 0.35
C25/30 4270 31.85 0.75
C45/55 4500 18.65 0.40

14 days C8/10 3660 20.15 0.55
C25/30 4435 15.20 0.35
C45/55 4545 22.85 0.50

28 days C8/10 3785 27.20 0.70
C25/30 4520  7.40 0.15
C45/55 4635 13.70 0.30

Figure 3. V variation of C25/30 specimens during the 
curing process.

Table 2. Rebound hammer index and cylindrical com-
pressive strength values.

C8/10 C25/30 C45/55

Ir 29.25 38.90 42.90
SD*  0.55  1.05  1.05
COV** [%]  1.80  2.70  2.50
fc [N/mm2]  8.60 27.60 46.65
SD* [N/mm2]  0.35  0.45  1.55
COV** [%]  4.00  1.65  3.35

*SD = Standard Deviation; **COV = Coefficient of 
Variation.

Figure 4. Correlation between ultrasonic pulse velocity 
and concrete compressive strength.

It can be inferred from Tables 1 and 2 that both 
V and Ir increase with compressive strength.

In order to evaluate the accuracy of the esti-
mation of in situ concrete compressive strength 
a regression analysis between non destructive 
parameters and concrete compressive strength has 
been performed. Figures 4 and 5 show the corre-
lations V−fc and Ir−fc respectively. High R2 values 
have been achieved for both correlations.

The results of UT and RHT have been  combined 
by applying the SonReb method. A double power 
model has been chosen according to Equation 1, 
and Equation 2 has been achieved. Coefficients a, 
b and c, shown in Table 3, minimize the sum of 
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squared differences between theoretical and exper-
imental concrete compressive strength.

f V Ic rf Vf I⋅V16 4 05 1I 628. .I05 1I  (2)

A coefficient R2 = 0.994 has been achieved.

4 CONCLUSIONS

An experimental campaign has been carried out 
on 90 concrete cubic specimens, having different 
design concrete strength, aiming at determining 
robust correlations between compressive strength, 
rebound hammer index and ultrasonic pulse veloc-
ity and at evaluating the reliability of the proposed 
correlations for estimating in situ concrete com-
pressive strength. UT measurements have been 
carried out on the specimens at 7, 14 and 28 curing 
days in order to take the influence of the curing 
process into consideration.

Throughout the achieved results the following 
conclusions can be drawn:

− an increase of ultrasonic pulse velocity can be 
noted during the curing process;

− both ultrasonic pulse velocity and rebound ham-
mer index increase with concrete compressive 
strength;

− both ultrasonic pulse velocity and rebound ham-
mer index well correlate with concrete compres-
sive strength;

− a slight increase in R2 coefficient can be achieved 
when the SonReb method is applied.
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a b c

1.10⋅10−16 4.05 1.628

Figure 5. Correlation between Rebound Hammer Index 
and concrete compressive strength.
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Estimation of concrete strength and stiffness by means 
of Ultrasonic Testing
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ABSTRACT: The need to assess the structural condition of existing concrete structures strongly sup-
ports the development of Non Destructive Testing (NDT) techniques for evaluating the degree of decay 
and for predicting mechanical parameters such as strength and stiffness.

Among NDT, Ultrasonic Testing (UT) is frequently applied, because the velocity of ultrasonic signals 
travelling through the material is directly related to mechanical and physical parameters, e.g. dynamic 
elastic modulus, Poisson’s ratio and density.

UT has been carried out on several concrete cores having different size and strength, and the veloc-
ity of both longitudinal and shear waves (Vl and Vs respectively) has been measured. Then the dynamic 
elastic modulus Ed has been derived from Vl and Vs values, according to waves propagation theory. Next, 
cores have been put through compression test, in order to determine the static elastic modulus Es and the 
compressive strength.

Results have been analyzed and discussed.

 determination. In this context, an experimental pro-
gram has been started in order to better understand 
the correlation between compressive strength, elastic 
modulus and ultrasonic waves velocity.

UT has been carried out on several concrete 
cores having different size and strength, and the 
velocity of both longitudinal and shear waves (Vl 
and Vs respectively) has been measured. Then 
dynamic elastic modulus Ed has been derived from 
Vl and Vs values, according to waves propagation 
theory. Next, cores have been put through com-
pression test, in order to determine the static elas-
tic modulus Es and the compressive strength.

2 MATERIALS AND METHODS

The experimental campaign has been carried out on 
26 concrete cylindrical specimens having two differ-
ent size: (i) diameter of 65 mm and length of 130 mm; 
(ii) diameter of 100 mm and length of 260 mm. 
Specimens have been cored from cubic specimens 
having a side length of 300 mm which have been 
casted by using different design concrete strength. 
The cores have been sorted into five groups, from A 
to E, depending on their compressive strength and 
their dimensions, as summarized in Table 1.

UT has been carried out on the cores in order to 
evaluate the dynamic modulus of elasticity. Then, 
measurement of both static modulus of elasticity 
and compressive strength has been carried out.

1 INTRODUCTION

The assessment of existing concrete structures is a 
complex problem to deal with, especially when it 
concerns building of historical relevance. The evalu-
ation of a structure real state shouldn’t interfere with 
the condition and the functionality of the building, 
and should possibly involve limited costs. The need 
to assess the structural condition of existing con-
crete structures strongly supports the development 
of Non Destructive Testing (NDT) techniques, in 
order to evaluate the degree of decay and to esti-
mate mechanical parameters such as strength and 
stiffness (Breysse, 2012, Concu, 2014, Puccinotti, 
2015, RILEM NDT 4, 1993, Concu, 2011). Among 
NDT, Ultrasonic Testing (UT) is frequently applied, 
because the velocity of ultrasonic signals travelling 
through the material is directly related to mechani-
cal and physical parameters, e.g. dynamic elastic 
modulus, Poisson’s ratio and density (Naik, 2004).

In the past, several efforts have been made to 
estimate materials strength from measurements of 
ultrasonic waves velocity, starting from the assump-
tion that the velocity is directly related to the elastic 
modulus, and the elastic modulus is directly related 
to the strength (Bogas, 2013,  Cannas, 2013, Chavez, 
2014, Khan, 2011, Yildrim, 2011).  However, strength 
estimation is acceptable only when a direct correla-
tion between velocity and strength is available, for 
example by measuring the velocity on cores extracted 
from the structure and then tested for strength 
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2.1 Ultrasonic Testing and dynamic 
modulus of elasticity

UT traditional application is based on measure-
ments of the velocity V of waves propagating 
through the material. The velocity is obtained from 
the ratio l/t, where t is the time the wave needs to 
travel along the path of length l (EN 12504-4, 2004, 
EN 14579, 2004).

UT has been performed by using the ultra-
sonic test equipment Pundit Lab+, developed by 
Proceq®. The testing equipment includes:

− a pairs of standard transducers with natural 
frequency of 54 kHz for emitting and receiving 
signals;

− a pairs of shear wave transducers with natural 
frequency of 250 kHz for emitting and receiving 
signals;

− a unit for signals generation, acquisition and 
preliminary analysis;

− a PC for data storage and further signal 
processing;

− a dedicated software, Pundit Link, which unlocks 
the full capabilities of the ultrasonic test system.

For each specimen the velocity of both longi-
tudinal and shear waves has been calculated as the 
average value of five repeated measurements.

From the basic theory of propagation of ultra-
sonic waves on concrete (Jones, 1962) it is possible 
to evaluate the dynamic modulus of elasticity from 
Vl and Vs as follows:

νd
l s

l s

V Vl s

V Vl s

= ⋅
Vl⋅ ( )

2 2V
2 2V2

 (1)

Ed s ( )d+2 V (2
sVV ( +VsVV ⋅VV (  (2)

where νd is the dynamic Poisson’s ratio.

2.2 Static modulus of elasticity 
and compression test

The static modulus of elasticity Es has been evalu-
ated by applying the Method B described in EN 
12390-13, 2013:

Es =
Δ
Δ

σ
ε

 (3)

where Δσ is the difference between the measured 
stresses and Δε is the strain difference during the 
test.

Furthermore, the theoretical modulus of elastic-
ity Et has been calculated according to the formula 
proposed by the Italian Building Code (DM 14/01, 
2008):

E f
t

cmff
= ⋅ ⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

22000
10

0 3.

 (4)

where fcm is the effective cylindrical compressive 
strength evaluated according to EN 12390-3, 2009.

3 RESULTS AND DISCUSSION

Ultrasonic parameters V and Ed increase as com-
pressive strength increases. The same trend is 
shown by Es. Table 2 summarizes, for each group 
of cores, the average values of longitudinal and 
shear wave velocities (Vl, Vs), dynamic, static and 
theoretical modulus of elasticity (Ed, Es, Et), the 
Standard Deviation (SD) and the Coefficient of 
Variation (COV).

A regression analysis between non destruc-
tive parameters and mechanical parameters has 
been carried out. Figure 1 shows the correlations 
between the characteristic compressive strength 
fck and the longitudinal wave velocity Vl while 

Table 1. Groups of specimens.

Group
Group 
size

fck range 
(N/mm2)

Length 
(mm)

Diameter 
(mm)

A 6  5–15 260 100
B 5 20–35 260 100
C 5 45–60 260 100
D 3  5–15 130  65
E 7 30–60 130  65

Table 2. Average values of experimental and theoreti-
cal data.

Parameter

Groups of cores

A B C D E

Vl [m/s] 4110 4285 4475 3510 4235
 SD [m/s] 270 185 55 230 90
 COV [%] 6.55 4.30 1.25 6.60 2.20
Vs [m/s] 2445 2550 2615 2085 2525
 SD [m/s] 155 110 20 140 55
 COV [%] 6.30 4.35 0.75 6.70 2.25
Ed [N/mm2] 31935 35225 38050 23435 34910
 SD [N/mm2] 4555 3250 400 3745 1610
 COV [%] 3.50 5.60 2.60 2.75 4.60
Es [N/mm2] 23460 28910 31390 28585 37300
 SD [N/mm2] 1360 835 1570 365 1275
 COV [%] 5.80 2.90 5.00 1.30 3.40
Et [N/mm2] 26960 32935 37445 25615 35555
 SD [N/mm2] 2230 1425 880 1980 955
 COV [%] 8.30 4.35 2.35 7.75 2.70
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The correlations concerning groups E and F 
show higher R2 values than those concerning 
groups A, B and C.

Figure 5 plots Et, the theoretical modulus of 
elasticity, versus Es, experimentally measured, while 
Figures 6 plots Ed, derived from UT, versus Es.

An overestimation of Et compared to Es can 
be observed for groups A, B and C (bigger cores), 
while groups E and F (smaller cores) show an oppo-
site behavior (Fig. 5). Similarly, Ed is  overestimated 

Figure 1. Correlation between characteristic compres-
sive strength and longitudinal wave velocity for groups 
A, B and C.

Figure 2. Correlation between static and dynamic mod-
ulus of elasticity for groups A, B and C.

Figure 3. Correlation between characteristic compres-
sive strength and longitudinal wave velocity for groups 
E and F.

Figure 4. Correlation between static and dynamic mod-
ulus of elasticity for groups E and F.

Figure 5. Es vs Et for each specimen.

Figure 6. Ed vs Es for each specimen.

Figure 2 shows the correlation between the static 
modulus of elasticity Es and the dynamic modulus 
of elasticity Ed. Both correlations are referred to 
groups A, B and C (bigger cores).

In a similar way Figures 3 and 4 show the cor-
relations fck – Vl and Es – Ed for groups E and F 
(smaller cores).
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compared to Es for groups A, B and C, while it is 
underestimated for groups E and F (Fig. 6).

In Figure 7 Ed is plotted versus Et. Ed is generally 
higher than Et for bigger cores, while smaller cores 
show the opposite behavior.

4 CONCLUSIONS

An experimental campaign has been carried out 
on 26 concrete cylindrical specimens having dif-
ferent size. Specimens have been cored from cubic 
specimens having a side length of 300 mm which 
have been casted by using different design concrete 
strength.

Ultrasonic velocities of both longitudinal and 
shear waves propagating through the specimens 
have been measured in order to evaluate the 
dynamic modulus of elasticity. The static modu-
lus of elasticity and the compressive strength have 
been experimentally determined and the theoreti-
cal modulus of elasticity has been evaluated too.

Throughout the achieved results the following 
conclusions can be drawn:

− as the compressive strength increases, an increase 
of the ultrasonic parameters (Vl, Vs, Ed) and of 
both the theoretical and the experimental modu-
lus of elasticity (Es and Et) is achieved;

− the correlations Vl – fck and Ed – fck fit better for 
smaller cores than for bigger cores;

− when compared to Es, both Et and Ed show an 
overestimation for bigger cores and an underes-
timation for smaller cores;

− Ed is generally higher than Et for bigger cores, 
while smaller cores show an opposite behavior.
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ABSTRACT: An adhesion in repair system is one of the most important factors that affect the repair 
efficiency. The elaboration of reliable nondestructive method for an adhesion mapping is one of the most 
important tasks. A majority of NDT methods mentioned in EN 1504-10 and ACI Concrete Repair Man-
ual for assessment of concrete structures are based on propagation of stress waves. However, these inves-
tigations are rarely focused on evaluation of bond strength. Repair system is difficult to test with NDT 
methods because of many factors influencing stress wave propagation. In this paper the effect of a quality 
of concrete substrate on propagation of stress waves in repair system and their influence on possibility of 
the bond strength estimation is discussed.

Repair Manual for assessment of concrete struc-
tures are based on propagation of stress waves. 
Particularly ultrasonic methods (UPV), Impact 
Echo (IE) and Impulse-Response (IR) methods 
are recommended for evaluation of repair  quality. 
Lately a combinations of NDT methods are inves-
tigated (Garbacz et al. 2013). However, these inves-
tigations are rarely focused on evaluation of bond 
strength.

To select the appropriate NDT method for repair 
quality control, the following factors should be 
taken into account (Carino 1997, Garbacz 2005):

– type and size of defects at the interface zone to 
be investigated;

– thickness of overlay;
– type of repair material (cement based or poly-

mer composites);
– quality of concrete substrate (roughness, micro-

cracking, saturation level).

First two factors have a major influence depend 
mainly on NDT method used. Type of repair 
material could affect a reflection coefficient. In 
the case of multilayer system the propagation of 
stress waves depends on differences in acoustic 
impedances of the both repair material and con-
crete substrate (Carino 1997). The reflection coef-
ficient for concrete/air interface is equal nearly to 
1.0—there is almost total reflection at the  interface. 

1 INTRODUCTION

As a result of repair or protection of the build-
ing structure at least two component system: con-
crete substrate in contact with repair material is 
produced.

An adhesion in such system is one of the most 
important factors that affect the durability of 
repair (Czarnecki & Emmons, 2002). The adhe-
sion depends on many phenomena taking place 
at interface zone (Courard 2005, Silfwerbrand & 
Beushausen 2006, Garbacz et al. 2005, Courard 
et al. 2011): presence of bond-detrimental layers, 
wettability of concrete substrate by repair materi-
als, roughness and microcracking of concrete sub-
strate, moisture content in concrete substrate versus 
repair material (i.e. cement or polymer mortar).

The above factors imply that according to the 
many standards and guidelines, e.g. European 
Standard EN 1504-10 and ACI Concrete Repair 
Manual (2003), the both of bond strength and 
bond quality should be evaluated. The pull-off  test 
is recommended for assessment of a bond strength. 
The use of pull-off  test, due to its semi-destructive 
character, is restricted by owners and managers. 
Therefore, the elaboration of reliable nondestruc-
tive method for an adhesion mapping is one of the 
most important tasks. A majority of NDT meth-
ods mentioned in EN 1504-10 and ACI Concrete 
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 Experimental investigations with IE method 
have shown that usually an interface is “visible” 
if  absolute value of R coefficient is higher than 
+0.24 (Sansalone & Carino 1989). Garbacz (2015) 
showed that in the case of many commercial poly-
mer cement (PCC) repair mortars their acoustic 
impedances are similar to the it can be assumed 
that repair material and typical concrete substrates 
have similar acoustic impedances (Fig. 1).

The above conclusions allow to assume that 
detection of flaws at the interface overlay— concrete 
substrate can be performed with procedures devel-
oped for “solid” concrete structures. The effect of 
interface should be taken into account in the case 
of overlays with acoustic impedance different than 
that for concrete substrate. e.g. pure polymer coat-
ing, asphalt pavements, etc.

The aim of this paper is to analyze of the effect 
of a quality of concrete substrate on propagation 
of stress waves in repair system and their influence 
on a possibility of the bond strength estimation.

2 REPAIR SYSTEM AS AN OBJECT 
OF NDT ASSESSMENT

Repair system is difficult to test with NDT meth-
ods because of many factors influencing stress 
wave propagation (Fig. 2).

Two main types of defects affecting stress wave 
propagation might occur in such system (Adams & 
Drinkwater 1997):

– adhesion type (at the interface zone: overlay-
substrate): various types of “non-zero” volume 
disbonds (e.g., voids, delaminations) and “zero-
volume” disbonds—weak adhesion areas (e.g. 
due to presence of dust, oil, etc.);

– cohesion type (in repair material or/and concrete 
substrate): porosity, cracks,  honeycombing, 

 partially non-hardened resin in the case of poly-
mer material.

Above defects are often result of the operations 
that have to be performed prior to a repair as well 
as an application of repair material.  Surface con-
crete treatment is used to remove deteriorated and 
carbonated concrete and any type of layer that 
causes the decrease of adhesion and to enlarge 
the area of contact surface by increasing surface 
roughness. The technique and the energy chosen 
induce many different profiles. It has been widely 
demonstrated that a surface preparation of con-
crete substrate can influence significantly on the 
microcracking level and surface roughness, the 
substrate saturation level and, as a consequence, it 
may affect the bond strength between repair mate-
rial and concrete substrate.

The effect of concrete surface roughness on 
the adhesion is not clear. Some authors found a 
correlation between adhesion strength and some 
“roughness parameters” (e.g. Fukuzawa et al. 
2001). Courard et al. (2014) have shown, using 
multiple regression approach, that roughness is a 
statistically significant variable influencing bond 
strength. From the other hands, a few authors 
(Silfwerbrand & Beushausen 2006, Garbacz et al. 
2005, Bissonnette et al. 2006) conclude that surface 
roughness itself  does not have significant influence 
but microcracks induced by surface treatment con-
tribute to the deterioration of the quality of the 
bond.

The effect of a bond coat is also discussed. 
 According to one opinion (Silfwerbrand &  Paulsson 
1998), the bond coat should be avoided because of 
creation of an extra plane of weakness.  Moreover, 
bond coat could have a negative effect with very 
rough surfaces because it could limit a good inter-
locking effect between substrate and repair  material. 
The other conclusion drawn by some authors is that 
a presence of bond coat can significantly increase 
the adhesion (Austin et al. 1995, Pretorius & Kruger 
2001. Garbacz et al. 2005).

Figure 1. The acoustic impedance of tested polymer-
cement and polymer (w/o Portland cement) mortars and 
concretes representative for commercial repair mortar; 
dotted line—typical range of acoustic impedances for 
cement concretes and mortars.

Figure 2. Sketch of possible defects in repair system 
and example of surface geometry of concrete substrate 
after milling.
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Using stress waves based methods for evaluation 
of bond strength needs to find answer whether the 
interface quality affects the stress wave propaga-
tion and if  is it possible to extract from the signal 
any information related to the bond strength.

3 TESTED REPAIR SYSTEMS

In the framework of several project conducted at 
Warsaw University of Technology in cooperation 
with the University of Liege various repair sys-
tems different in concrete surface and interface 
quality, were tested. In the first stage, a commercial 
PCC repair mortar containing glass microfibers 
was applied on relatively weak concrete substrate 
(C20/25) subjected, prior to repair, to various 
surface treatments with different aggressiveness 
levels. As result concrete substrates with different 
roughness and microcracking levels (Table 1) were 
obtained. Surface roughness was characterized by 

parameters of the waviness profile (high frequency 
filtration of profile) determined with a mechanical 
profilometer (Garbacz et al. 2005).

According to the manufacturer’s technical data 
sheet, this mortar should be used with a polymer-
cement bond coating because of its low workabil-
ity (the details are given in Garbacz et al. 2005). 
The overlay (thickness 10 mm) was applied on the 
concrete substrate with and without a bond coat 
to obtain different air void contents and levels of 
compactions at the interface (Fig. 3).

4 NDT MEASUREMENTS

After 28 days of hardening, the IE and ultrasonic 
measurements were carried out. The IE measure-
ments were performed with Docter test system 
using the impactor of 2 mm in diameter to  generate 

Table 1. SEM observation and profile analysis 
of the concrete substrate C20/25 after various 
surface preparation.

Figure 3. View of the interface between repair mate-
rial and concrete substrate after various way of surface 
preparation without (left) and with (right) bond coat.
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a stress wave. The same repair systems were 
tested further with ultrasonic pulse echo method 
using commercial digital ultrasonic flaw detector 
ULTRA CUD20 and a pair of transducers with 
nominal frequency of 500 kHz. This method is 
expected to be more sensitive to the presence of 
voids at interface because of shorter waves are 
generated. Each measurement received an A-scan 
consisted of characteristic peaks corresponding to 
the reflection from the interface.

Afterwards, the adhesion between the repair 
material and the concrete substrate was determined 
with the pull-off  test (acc. EN 1542). Additionally, 
the quality of interface was observed on the cross-
sections with light microscope.

The results of investigations can be summarized 
as follows. As the surface roughness increased 
(Fig. 4), the pull-off  strength for the systems with-
out bond coat decreased and more air voids at the 
interface zone were observed (see Fig. 3). In the 
case of system with bond coat the bond strength in 
repair systems were less sensitive on concrete sub-
strate quality.

The test results indicate that there is no cor-
relation between the pull-off  strength and the P 
wave velocity for the repair system with bond coat 
(Fig. 5a). The bond coat filled irregularities of con-
crete substrate properly and air voids at the inter-
face were not observed. The statistically significant 
relationship was obtained for systems without the 
bond coat—the P wave velocity increased as the 
pull-off  strength increases. In this case, the frac-
tion of air voids at the interface increases when 
the roughness increases. In both types of repair 
systems the pulse velocity was not correlated with 
the substrate roughness (Fig. 5b). The trend was 
found in studying the relationship between the 
amplitude of maximum frequency peak and the 
pull-off  strength (Fig. 5c): as the pull-off  strength 
increases, the amplitude value of peak decreases. 
Statistical significance of the relationship between 
the amplitude value of the highest peak and the 
mean waviness of surface profile (Fig. 5d) was also 
found but only for the repair systems without the 

Figure 4. Pull-off  strength vs. waviness parameter Wa 
(a) and Wt (b) for different repair systems with and with-
out bond coat (BC).

Figure 5. Relationships between parameters describ-
ing stress wave propagation and parameters describing 
repair system quality: pulse velocity IE vs. (a) pull-off  
strength, (b) mean waviness of profile, Wa; amplitude 
of the highest peak of frequency spectrum of ultrasonic 
signal (c.u.—conventional unit) vs. (c) pulse velocity IE 
and (d) mean waviness of profile, Wa, (concrete substrate 
C20/25, overlays with (•) and without (o) the bond coat; 
adopted from (Garbacz 2010).
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bond coat, essentially because the fraction of air 
voids increased with the surface roughness.

The results obtained indicates that for IE 
method, the roughness of the concrete substrate 
does not affect significantly the P wave propaga-
tion through the repair system if  the bond quality 
is sufficient (absence of large voids at the interface). 
The ultrasonic method is than more sensitive.

The above relationship was investigated for 
stronger concrete, C40/50 (Garbacz et al. 2006). 
Four types of surface preparation techniques were 
used: polishing, sandblasting, scabbling and very 
high pressure water-jetting. The concrete slabs 
(600 × 800 × 130 mm) have been covered by a self-
compacting commercial PCC mortars (3-cm thick). 
For the repair systems, two specific ranges of the 
IE frequency spectrums were analyzed: around the 
bottom peak frequency and around frequencies 
corresponding to the interface. The lowest mean 
values of bottom peak were obtained for  polishing 

Figure 6. Amplitude of bottom (•) and interface (Δ) 
frequency peaks versus: (a) pull-off  strength, (b) surface 
roughness index, SRI, (c) length of crack (adopted from 
Garbacz et al. 2006).

Figure 7. Example of 3-D frequency distribution and 
definitions of IE frequency spectrum amplitude param-
eters applied for characterization of impact-echo signal.

and hydrodemolition. The amplitude of inter-
face peak was the highest for polished samples. 
 Scabbled and hydrodemolished samples present 
similar values of interface peak. The relationships 
between amplitudes of either bottom or interface 
peaks and parameters describing quality of repair 
systems were not statistically significant for any of 
the tested repair systems (Fig. 6).

Additionally the normalized frequency spectrums 
were characterized with RugoDS program using 3D 
surface profile analyzing approach (Courard et al. 
2007). The number of I-E measurement from 1 to 
10 was the third axe parameter (Fig. 7a) and all the 
statistic parameters (Fig. 7b) for 3D distribution of 
frequency spectrum were calculated.

There were no statistically significant relation-
ships between the amplitude parameters of IE fre-
quency spectrum and the pull-off  strength (Fig. 8). 
However, the relations between statistical these 
parameters of frequency spectrum and parameters 
describing concrete substrate quality show some 
tendencies. Roughness and cracking influenced 
the minimum amplitude level, Wm, of the IE fre-
quency profile. It was observed that as the rough-
ness (Fig. 8b) and cracking (Fig. 8c) increased the 
minimal amplitude of frequency profile. This ten-
dencies could be interpreted as an increase of noise 
level in the IE frequency spectrum due to rough-
ness and cracking of concrete substrate. Similar 
results were obtained by Santos et al. (2011). Their 
Finite Element Model (FEM) simulations indi-
cates that the roughness of a concrete substrate 
had relatively low influence on the ultrasonic signal 
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amplitude as well. However, they observed that the 
pulse decreases in the presence of rough interfaces, 
due to a greater wave dispersion.

The effect of substrate roughness and pres-
ence of air voids at the interface on stress wave 
propagation were also investigated using FEM 
of repair system by Kwaśniewski & Garbacz 
(2008). The simulations were performed for system 
with the same geometry that used in the experi-
ment. The surface geometry corresponded to real 
surfaces roughness obtained after sandblasting 
and hydro-demolition under high pressure of pre-
viously described concrete substrate.

Figure 8. Maximum height of amplitude Wt, and mini-
mum amplitude level, Wm, of 3D frequency distribution 
versus (see Fig.7): (a) pull-off  strength, (b) surface rough-
ness index SRI, c) total length of cracks (adopted from 
Garbacz et al. 2006).

Figure 9. Typical frequency spectra for repair systems 
with concrete substrate after hydrodemolition: (a) experi-
mental results for plate; FEM simulations: (b) examples 
of disturbance in wave propagation in the case of air 
voids presence at interface, (c) frequency spectrum for 
substrate irregularities unfilled—presence of air voids at 
the interface, (d) frequency spectrum for substrate irregu-
larities completely filled (adopted from Kwaśniewski & 
Garbacz 2008).

Two extreme cases of filing of surface irregulari-
ties were modelled: completely filled and non-filled 
surface irregularities. The material; properties 
(E modulus and density) of both concrete sub-
strate and overlay were determined experimentally. 
The results of simulations indicate that the pres-
ence of air voids at the interface can significantly 
influence the stress wave propagation. This was 
observed in the both of experimental (Fig. 9a) and 
FEM (Fig. 9b-d) frequency spectra. If  surface pro-
file irregularities are filled, the surface roughness 
does not significantly influence the resulting fre-
quency spectrum (Fig. 9d).
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overlays—bond strength issues, Concrete Repair, 
Rehabilitation and Retrofitting (Eds. H. Beushausen, 
F. Dehn and M.G. Alexander), Taylor & Francis 
Group, London, 61–66.

5 SUMMARY

The multi-variants investigations showed that for 
the both IE and ultrasonic methods, the roughness 
and microcracking of the concrete substrate does 
not affect significantly the P wave propagation 
through the repair system if  the bond quality is 
sufficient—absence of large voids at the  interface. 
However, parameters describing roughness and 
microcracking of concrete substrate can be con-
sidered as important parameter for improvement 
of reliability of the bond strength evaluation 
using more complicated signal analyses (eg. wave-
let approach, artificial neural networks) of stress 
waves resulting from NDT methods. First exam-
ples of such analyses can be found e.g. Sadowski & 
Hoła (2014) showed that substrate roughness is 
an important factor for the prediction of bond 
strength between the concrete layers in concrete 
floors using the nondestructive acoustic techniques 
together with artificial neural networks.
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ABSTRACT: Former Army Clothing Depot constructed in 1913 locates within about 2.7 km of radius 
from the blast of atomic bomb, and there are lots of trace of iron doors and windows at the blast center 
side. Walls of interior and exterior are built with masonry and the main structures such as column, beams 
and slabs are built with reinforced concretes. This building is one of the oldest reinforced concrete struc-
tures in Japan. Due to the above reasons, this building has high academic and historical values. Authors 
it was surveyed this building for the purpose of accumulation of the date which contribute preservation 
and repair as this building.

1 INTRODUCTION

It is well known all over the world that Hiroshima 
is the only country where American army dropped 
an atomic bomb in 1945. Intense blast and heat 
ray of  an atom bomb almost destroyed all build-
ings within 2 km of  radius from a blast center 
at present. About 80 bombed buildings are left 
including Atomic Bomb Dome (Photo 1) within 
5 km of  radius from the blast center. Former 
Army Clothing Depot (Photo 2) constructed in 
1913 is left within about 2.7 km of  radius from 
the blast center, and there are lots of  trace of 
iron doors and windows at the blast center side 
(Photo 3). Walls of  the interior and exterior are 
built with masonry and the main structures such 
as columns, beams and slabs are built with rein-
forced concretes. This building is one of  the old-

Photo 1. Atomic Bomb Dome (1945).

Photo 2. Former Army Clothing Depot.

Photo 3. Windows damaged by atomic bomb.

est reinforced concrete structures in Japan. Due 
to the above reasons, this building has high aca-
demic and historical values. Authors surveyed 
this building for the purpose of  accumulation of 
the date which contribute preservation and repair 
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as this building. This paper deals with a condition 
assessment of  this oldest RC building from the 
view point of  durability.

2 EXPERIMENTAL

2.1 Outline of buildings

The building site includes 4 types of building, as 
shown in Figure 2. In this study, building No. 2 
and No. 3 were surveyed. Plans and tested points 
are shown in Figure 3. Details of buildings such as 
location and year of construction (age at survey) 
are shown in Table 1.

2.2 Experiments

Following measurements were applied on the 
surveying.

2.2.1 Crack investigation
Clack width of concrete was measured with the 
crack scale as shown in Photo 4. The clack widths 
were measured at 3rd floor of the building.

2.2.2 Re-bar corrosion
This survey aims at preservation and needs for 
repair of the building. Re-bar corrosion in concrete 
was surveyed by visual observation. Grades of cor-
rosion rates were classified based on the standards 
proposed by guideline of Architectural Institute of 
Japan (AIJ).

2.2.3 Differential settlement
Differential settlement was measured with a laser 
level as shown in Photo 5. The data measured 
in 2014 were compared with those measured 
in 1992.

2.2.4 Carbonation depth and compressive strength
Carbonation depth was measured with con-
crete core samples (ϕ75 mm) at tested points as 
shown in Figure 3 according to Japanese Indus-

trial Standards (JIS) A1152 (Method for measur-
ing carbonation depth of  concrete). Carbonation 
velocity is based on the squar root theory shown 
in Equation (1). Compressive strength test was 
performed with core specimens after carbonation 
test according to JIS A1107 (Method of  sampling 
and testing for compressive strength of  drilled 
cores of  concrete).

C A t  (1)

C: Carbonation depth (mm)
A: Carbonation velocity (mm/years1/2)
t: Age at survey (years).

2.2.5 Environment condition
A temperature and humidity meter was set on the 
surface of concrete (see Fig. 3, K-1) and changes 
of temperature-humidity of inner part of building 
was measured.

3 RESULTS AND CONFERENCES

3.1 Crack of concrete

Cracks were remarkable at a column on the 3rd 
floor of building No. 3. Slices-like cracks with 
constant pattern were observed at all over the col-
umn as shown in Photo 7. The average width of 

Figure 1. Location of building.

Figure 2. Site of the buildings.

Figure 3. Plan of the building and tested point points.
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concrete cracks was about 2.2 mm. This value was 
much larger than crack width induced by concrete 
shrinkage.

3.2 Differential settlement

Measured lines of  differential settlement with 
lazar level in each floor in building No. 2 are 
shown in Figure 4. The results on 1992 and 2014 
are shown in Figures 5 to 9. The maximum differ-
ential settlement at center part of  floor’s ranged 
from 10 to 15 cm. The tendency of  X axial direc-
tion was close to that of  Y axial. The amount 
of  the settlement increased by 5 to 10 cm since 
1992. In this building, there were independent 
footing at central part of  the building and con-
nected footing by underground beams locates 
outer zone of  the building as shown in Figure 4. 
This might be a reason that the amount of  set-
tlement of  the inner columns was larger than 
that of  exterior walls. Hence, tensile stress occur 
at the column as shown in Figure 10. In addi-

Table 1. Details of building.

Name of 
building Location Notation

Detail

Year of 
construction 
(age at survey) Stairs Main structure

Main finishing 
material

Farmer Army 
Clothing 
Depot

Hiroshima 
(Hiroshima)

1913 
(101 years)

3 Outside pillars, wall: Brick 
inner pillars, beams, slabs: 
Reinforced concrete

Mortor 
(5–10 mm)

Photo 4. Crack scale.

Photo 5. Laser level.

Photo 6. Crack at the 3rd floor of No. 3 depot.

Photo 7. Detail of cutting into round slice-like crack.

Figure 4. Measured lines of differential settlement and 
location of the piles and the basic beams.

tion, it would be one of  the causes of  crack that 
diameter of  column on the 3rd floor which diam-
eter was smaller than those on the 1st and 2nd 
floors.
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Figure 10. Mechanism of occurrence of cutting into round slice-like crack.

Table 2. Results of carbonation and compressive strength (2014, 1992).

Depot No. 
(year of survey) Floor Part No.

Compressive 
strength N/mm2

Young’s modulus 
×104 N/mm2

Carbonation 
depth mm

Carbonation 
velocity mm/year1/2

3 (2014) 1 Beam K1 17.9 – 93.6 9.36
2 Beam K2- – – 60 6.00
2 Beam K2- 14.9 2.29 77.3 7.73
2 Beam a 14.4 2.00 30 3.40
3 Beam b 13.2 2.25 60 6.79

2 (1992) 1 Dirt floor c 12.7 2.38 20 2.26
2 Slab d 14.6 1.83 – –
3 Slab e 17.5 2.54 – –
3 Loof f 21.0 – – –

Figure 6. Amount of the settlement (No. 2, 2F).

Figure 7. Amount of the settlement (No. 2, 1F). Figure 9. Amount of the settlement (No. 2, 1F).

Figure 5. Amount of the settlement (No. 2, 3F).

Figure 8. Amount of the settlement (No. 2, 2F).
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Table 3. Re-bar corrosion grade.

Grade Re-bar corrosion conditions Photos

1 No corrosion

2 Slight corrosion (surface)

3 Almost corrosion (surface)
or Partical section loss

4 Section loss as a whole

5 Section loss up to 1/2–2/3

3.3 Compressive strength and carbonation

Test results of compressive strength and carbona-
tion depth in 2014 and 1992 are shown in Table 2. 
Although the tested points are different in 2014 
and in 1992, overall carbonation proceeded with 
time. Average compressive strength of concrete 
was 14.4 N/mm2.

3.4 Re-bar corrosion

Re-bar corrosion rater were evaluated with 
exposed bars due to loss of  cover concrete. Re-bar 
corrosion grade based on AIJ guideline are shown 
in Table 3. States of  re-bar corrosion were clas-
sified into 5 grades. Table 4 shows the corrosion 
grade of  re-bar of  this building. It can be seen that 
a re-bar corrosion at a roof of  1st floor of  build-
ing No. 2 quite significant due to leak of  water 
from the crack of  roof concrete as shown Photo 8. 
Figures 11 to 12 show relationship between car-
bonation depth and cover thickness of  concretes 
of  existing structures which authors previously 
surveyed. The tendency that the re-bar corrosion 
progresses remarkably at the part where cover 
thickness minus carbonation depth was small. On 
the other hands, at the point where the cover depth 
of  concrete was large enough, re-bar corrosion 
cannot be observed. Corrosions of  columns were 
slight (grade 3). This might be due to relatively 
moderate R.H. at indoor, as shown in Figure 13. 
According to the above results, frames of  this build-
ing would be sound and counter measurements 
for the differential settlement and water leakage 
from roof should be necessary to conserve this 
building.

Table 4. Results of re-bar corrosion.

Year of survey Depot No. Floor Part Grade

2014 2 1 Roof 5
3 1 Pedestal 3

3 Capital 3
1992 1 1 Pillar 2

2 Pillar 2
3 Pillar 2
3 Beam 3

Photo 8. A leak of water trace from the crack.
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Figure 11. Relationship between a loss of carbonation 
and cover depth of A-D (indoor condition).

Figure 12. Relationship between a loss of carbonation 
and cover depth of A-D (outdoor condition).

Figure 13. Temperature and humidity (indoor).

4 CONCLUSIONS

Following findings were obtained through the 
surveys.

1. Cracks of column were remarkable at 3rd floor 
of building. Sliced cracks with constant pattern 
were observed at all over the column.

2. The maximum differential settlement at central 
part of each floor ranged from 10 to 15 cm. 
The amount of the settlement increased by 5 to 
10 cm since 1992.

3. This differential settlement might cause tensile 
stress induced cracks of columns.

4. Re-bar corrosion was quite significant due to 
water leakage. On the other hands, at the point 
where the cover depth of concrete was large 
enough, re-bar corrosion cannot be observed.

5. Frames of this building would be sound and 
counter measurements for differential settle-
ment and water leakage from roof should be 
necessary.
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Photo 9. Exposed re-bar at 1st floor in No. 3.
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John Drewett
Concrete Repairs Ltd., London, UK

Kevin Davies
CorroCiv Limited, Manchester, UK

Kevin Armstrong
States of Jersey, UK

ABSTRACT: Jersey is the largest of the Channel Islands situated off  the coast of France. The rein-
forced concrete infrastructure is in an exposed marine environment which causes durability problems 
due to corrosion of the steel reinforcement. Since 1996 the States of Jersey has installed seven impressed 
current cathodic protection systems on reinforced concrete structures to enhance durability. Three marine 
structures, three multi storey car parks and one airport facility have been protected using a variety of 
different anode systems which include titanium mesh, ribbon and discrete anodes, conductive paint and 
conductive cementitious. With some anode maintenance and upgrading of obsolete software systems 
the systems continue to operate. They continue to provide the level of corrosion protection intended and 
extend the effective service life and residual value of the assets.

The installed ICCP systems are monitored using 
LD15 or LD25 silver/silver chloride reference elec-
trodes supplied by Castle Electrodes Ltd and com-
puter control systems over the last 20 years. All 
these systems have been monitored since installa-
tion and there have been some maintenance works 
undertaken to correct problems which have arisen 
but the systems continue to provide corrosion 
protection.

2 THE PROJECTS

2.1 London Berth, Victoria Pier

This was the first ICCP system to be installed on 
the Island in 1998 after a two year trial using a 
range of anode systems. Fifteen anode zones were 
installed to protect the slab soffits, beams and col-
umns using a combination of two anode types.

Slab soffits, beams and high level pile caps—
1520 m2 proprietary CP60 conductive mortar 
spray applied.

Piles, columns and low level pile caps—950 m2 
MMO/Ti mesh with a sprayed overlay.

The system is monitored using 40 No. LD25 
silver/silver chloride reference electrodes and pow-
ered by a multi-channel output, remote controlled, 
remote-operated and monitored, DC power supply 
and data acquisition system.

1 INTRODUCTION

Jersey is the largest of the Channel Islands, situated 
off  the coast of Normandy with a resident popu-
lation of around 100,000. The reinforced concrete 
infrastructure managed by the States of Jersey suf-
fers from steel reinforcement corrosion initiated by 
chloride ions from the marine environment.

In the mid-1990s the States of Jersey decided 
to utilise Impressed Current Cathodic Protection 
(ICCP) to enhance durability when the structures 
were repaired. On one marine repair scheme a 
series of trials were undertaken to assess the per-
formance of different impressed current and gal-
vanic anode systems available at that time.

Between 1996 and 2006 there have been seven 
impressed current cathodic protection systems 
installed on reinforced concrete structures to 
enhance durability. The structures are; three multi 
storey car parks, three marine berths and one 
airport landing light support facility. A range of 
anode systems have been used which include:

a. Discrete conductive ceramic anodes
b. Discrete MMO coated Titanium (MMO/Ti) 

anodes
c. Conductive cementitious overlay
d. MMO/Ti mesh with cementitious overlay
e. MMO/Ti ribbon mesh
f. Conductive paint.
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2.1.1 Maintenance
In 2011 the computer controlled power and con-
trol system was replaced, as it had become obsolete 
and the ICCP system was reconfigured from 15 
zones to 8 zones to simplify operation. No works 
have been necessary to the original installed anode 
or monitoring system after 16 years in the tidal 
marine environment.

2.1.2 Future maintenance
One zone shows a higher current output and lower 
driving voltage. This could be because it is a much 
larger zone area-wise and there may be a partial 
electrical short circuit in the system, but it contin-
ues to provide adequate corrosion protection.

2.2 Green street multi storey car park

This is a 4 storey car park in St Helier which 
provides a very important function, parking for 
600 vehicles. As part of a £2M refurbishment 
in 1999 an ICCP system was installed to protect 
the reinforced concrete decks, columns, walls and 
internal faces of the parapets.

The anode system used for the deck was the 
Zebra Deck Anode System supplied by Protector 
AS in Norway complete with a wearing surface. 
This system is a conductive paint system applied 
in strip coats on the deck surface and overlaid with 
the wearing surface. It was the first time the sys-
tem had been used in the UK. The columns and 
walls were protected using a conductive paint sys-
tem again supplied by Protector AS with a deco-
rative topcoat. In total 10,500 m2 of deck surface 

and 1,600 m2 of walls and columns were protected 
using the ICCP system.

2.2.1 Maintenance
The cathodic protection system has received little 
maintenance since installation. One datalogger has 
been replaced after 14 years of service. The top 
deck wearing course was replaced 3 years after 
the system was installed after the original surface 
failed to sufficiently accommodate thermal move-
ment in this location.

2.2.2 Future maintenance 
Assessment of the life of the CP system for future 
years. Car park due for refurbishment in 2020.

2.3 New North Quay

The system was installed in 2000 to protect the 
deck soffit and sub-structure. The original design 

Photograph 1. Cabling installation checks.

Photograph 2. Zebra deck anode installed prior to deck 
surfacing.

Photograph 3. Overview of the Quay.
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was for 34 anode zones using 1,000 m MMO/Ti 
mesh ribbon anodes buried in chases cut into the 
concrete.

The system was monitored using 16 No. LD15 
silver silver chloride reference electrodes, a remote 
controlled central control unit and three networked 
substations.

2.3.1 Maintenance
In 2011 the obsolete computer controlled power 
and control system was replaced and the zoning 
reconfigured to 8 zones for operational reasons. 
The existing field wiring, AC power and telephone 
line were re-used.

2.3.2 Future maintenance 
None envisaged at present except routine 
monitoring.

2.4 Jersey airport

The reinforced concrete Instrument Landing 
System (ILS 27) Localiser Plinth is situated at the 
Western end of the Jersey Airport runway over-
looking St. Ouen’s bay. It is located in a very harsh 
environment and consequently suffers from cor-
rosion of the reinforcement due to high chloride 
levels from the marine environment.

An impressed current cathodic protection sys-
tem was installed in 2003 to provide long term pro-
tection to the steel reinforcement in the exposed 
parts of the piers, beams and deck slab soffits. The 
anode system comprise mixed metal oxide coated 
titanium ribbons and proprietary MMO/Ti tubu-
lar discrete rod anodes placed in horizontal rows at 
regular spacing. There are two anode zones, each 
monitored by 4 LD15 silver silver chloride refer-
ence electrodes.

The ICCP system has been functioning correctly 
since the installation was completed.

2.4.1 Maintenance
In 2011 some minor maintenance was undertaken 
to re-embed some of the discrete anodes and repair 
some localised acidification around some of the 
MMO/Ti ribbon.

2.4.2 Future maintenance 
One of the reference electrodes is providing erratic 
readings so may need to be replaced in the future.

2.5 Berth no. 2, Albert pier

An ICCP system was installed in 2005 to protect 
the reinforced concrete soffit, beams and columns. 
The selected anode system comprises 300 m of 
MMO/Ti ribbons chased into horizontal rows 
at regular spacing on the deck slab soffits and 

transverse beams. The longitudinal beams and 
columns are protected using 550 No. conductive 
ceramic and MMO/Ti discrete anodes. There are 4 
anode zones rated at 3.0 A/15 V DC with 2 LD15 
silver silver chloride reference electrodes monitor-
ing each zone.

a. Zone 1—CP10/150 conductive ceramic discrete 
anodes in lower columns

b. Zone 2—CP10/150 conductive ceramic discrete 
anodes in mid deck beams

c. Zone 3—CP10/150 conductive ceramic discrete 
anodes from mid deck to top deck

d. Zone 4—Lower output Type 150 MMO/Ti rib-
bon in the top deck slab and transverse beams.
The power and control unit is fully automated 

but with a manual option for on-site interrogation 
if  required.

2.5.1 Maintenance
By 2011 some of the discrete anodes had failed and 
so were replaced with MMO/Ti tubular anodes in 
acid-resistant CP15 grout.

2.5.2 Future maintenance
Zone 1 (lower columns) is passing no current so it 
seems like the DC circuit has failed and requires 
further investigation.

Zones 2, 3 and 4 are functioning correctly and 
no corrosion has been found.

2.6 Pier road Multi Storey Car Park (MSCP)

The States of Jersey own and operate 5 MSCPs 
in the main town of St Helier. Some are exposed 
to the marine environment and as a consequence 
suffer from corrosion of the steel reinforcement. 
ICCP Systems have been installed in 3 of the car 
parks to improve the durability of the reinforced 
concrete, extend the service life and reduce main-
tenance costs.

Figure 1. Cross section showing anode zoning.
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Pier Road MSCP is situated in a prominent sea 
front position above St Helier Harbour. Specific 
exposed areas along the West and East sides of the 
car park were protected using ICCP systems. The 
deck slab edges and beams ends have high levels of 
chloride ions at the steel reinforcement so cathodic 
protection is being used to enhance the durability.

The anodes are all MMO/Ti durAnode 3 dis-
crete anodes, 12,060 in total, supplied by Cathodic 
Protection International (CPI) in 18 zones with 
108 No. LD15 silver silver chloride reference elec-
trodes being used to monitor the system. There 
are 6 floors protected using in total 2130 anodes 
for the columns and 9930 anodes for the floor slab 
edge beams.

The power and control unit supplied by CPI has 
one central monitoring station and 3 sub stations.

The system was installed in 2005 and is func-
tioning correctly in accordance with European 
Standard EN12696:2012.

2.6.1 Maintenance
No maintenance has been undertaken since instal-
lation. The car park has recently been refurbished 
incorporating a deck coating to further protect the 
concrete but no repairs were necessary to the ICCP 
nor were significant concrete repairs required in 
the ICCP protected areas.

2.6.2 Future maintenance
There is some AC interference in one zone which 
is closest to the AC power control electrical switch 
room and it is possible that the steel within the 
reinforced concrete is “picking up” some stray AC 
electrical interference. This is seen as instability in 
the depolarisation curves and might be corrected 
with filters on the monitoring control unit.

Two zones exhibit quite high current output 
even though the drive voltages are low (<3VDC) 
so there may be some short circuiting of the ICCP 

anode systems in these zones, possibly due to other 
maintenance works after the system was installed. 
This needs further investigation.

Overall the ICCP system is working well and 
providing the corrosion protection needed to 
enhance durability.

2.7 Sand street Multi Storey Car Park

In 2006 an ICCP system was installed in the car 
park to provide long term corrosion protection to 
the steel reinforcement of the longitudinal floor 
beams on the upper floors and the seaward facing 
edge columns on all floors which had been suffer-
ing extensive chloride induced corrosion. Previous 
concrete repairs had failed to achieve long term 
corrosion protection.

The anodes used were durAnode Type 3 propri-
etary discrete anodes supplied by CPI installed into 
the floor ribs and columns. A total of 12,080 anodes 
were installed in 5 floors decks and 864 anodes in 
6 levels of columns. The system is divided into 
18 zones and monitored using 126 LD15 silver sil-
ver chloride reference electrodes.

The power and control unit has one central sta-
tion and 5 substations.

Since the installation the ICCP system has per-
formed well with significant negative shifts in the 
steel as expected, indicative of adequate corrosion 
protection. The output currents are quite low and 
the system is operating on constant voltage output 
mode set at 4.0 VDC.

2.7.1 Maintenance
No maintenance has been undertaken since instal-
lation except one off-the-shelf  low voltage power 
supply unit was replaced in one substation

2.7.2 Future maintenance 
At the beginning of 2014 the system was de- 
energised and a fault has occurred in one substation 
when it was re-energised. Investigation revealed that 
the substation had not been re-energised correctly 
and was reset. It is now functioning correctly. Also 
two reference electrodes are possibly malfunction-
ing but there is sufficient redundancy in the moni-
toring system for this not to cause any immediate 
problems. This car park is due for refurbishment at 
the end of 2015 including a deck coating to further 
protect the concrete surfaces.

3 SUMMARY

Overall the seven ICCP systems have performed 
very well in harsh marine environments. Jersey 
experiences several Atlantic storms and 12 m spring 
tides each year and being an Island is subject to Photograph 4. General layout of the car park.
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marine blown chlorides all year round. The ear-
lier control and monitoring units have become 
obsolete and were replaced but this is only to be 
expected with the rapid development of micro-
processor–based operating systems and the newer 
units should be able to operate for longer periods 
without upgrades. All of the ICCP systems were 
designed to permit maintenance/upgrade of the 
control and monitoring units and were located in 
readily accessible positions to facilitate this.

The variety of anode systems used have, in 
the majority of cases, worked well over the last 
10–17 years.

a. MMO/Ti mesh—950 m2
b. MMO/Ti ribbon mesh—1,300 m
c. Conductive paint—12,100 m2
d. Thoro 60 conductive cementitious—1,520 m2
e. Discrete anodes—25,554 No.

A few–anodes have needed to be replaced but 
there have been no–whole system failures and there 

is every indication with the low voltage and cur-
rents required to achieve corrosion protection to 
the steel, that these anodes will continue to operate 
for many years with minimal maintenance.

The 252 No. silver silver chloride reference elec-
trodes have had some failures (<3%) but on the 
whole have performed well over the last 17 years 
and with some redundancy built into the designs, 
these failures have not compromised the perform-
ance of the monitoring system or the ability of the 
ICCP system to provide the level of corrosion pro-
tection intended.

From the Client’s perspective the initial invest-
ment in ICCP systems, targeted at specific corro-
sion problem areas has reduced the long term costs 
of managing these structures and has extended the 
effective service life and residual value. Car park-
ing for example is a very sought after commodity 
in St Helier. With regular monitoring and mainte-
nance the systems should continue to provide cor-
rosion protection for many more years.

ICCRRR15_Fullpaper_Book.indb   313ICCRRR15_Fullpaper_Book.indb   313 8/27/2015   9:11:36 AM8/27/2015   9:11:36 AM

  



315

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2

Corrosion survey of the bridge deck “Viadotto Colle 
Isarco”/“Autobahnbrücke Gossensaß” on the Motorway 
called “Autostrada del Brennero” in North-Italy
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ABSTRACT: The scope of this corrosion survey was to detect and quantify zones with high corrosion 
probability of the normal reinforcement and if  possible the prestressed tendons of a total of 8000 m2 
surface area of the upper bridge deck of the “Viadotto Colle Isarco”. This viaduct is part of the A22 
Motorway called “Autostrada del Brennero” and lays 10 km’s south of the Austrian-Italian border in 
Italian territory approximately 1200 m high in the Alps. In case serious problems were found no recom-
mendations were requested at this point of the survey due to the size and the structural complexity of the 
concrete structure.

Zones with high probability of corrosion were identified by the potentials measured and inspected 
through scarification and sandblasting. Based on this verification it was estimated an approximate 9% of 
the total surface area with high probability of corrosion in the prestressed tendons. This amount is based 
on adding up all measuring points with a potential being more negative than −450 mV divided by the total 
amount of measuring points. During previous inspections fractured prestressed tendons were found. All 
the fractures were found in the threaded region of the coupler joints but no fractures were found in cor-
roded tendons laying in the “active” zones away from the coupler joints. Samples taken from the fractured 
tendons were sent to the lab for metallurgical analysis and revealed no susceptibility for hydrogen embrit-
tlement of the steel used which has a perlitic microstructure. Fractures found in the tendons in previous 
inspections are most probably caused by major stress fatigue cycles from traffic loads in combination 
with corrosion due to the stress-sensitive couplings. Exactly similar cases (Heerdter crossing in Düsseldorf 
in 1976) were found in old reports, e.g. published in the technical report 26 “Influence of material and 
processing on Stress Corrosion Cracking of prestressing steel—case studies” by the International Federa-
tion for Structural Concrete (fib) in Lausanne.

with the high strength steel can make these tendons 
prone to hydrogen embrittlement if  corrosion is 
already initiated depending on the microstructure 
of the steel tendons. The surface area involved was 
estimated at a total of 8000 m2.

1 INTRODUCTION

The goal of this project is to perform a corrosion 
survey of the bridge deck named “Viadotto Colle 
Isarco” to establish the condition of the reinforce-
ment and if  possible the prestressed tendons.

This viaduct is part of the A22 Motorway called 
“Autostrada del Brennero” and lays 10 km’s south 
of the Austrian-Italian border in Italian territory 
approximately 1200 m high in the Alps. It is one of 
the longest and highest box girder bridges on the 
Brenner highway between Italy and Austria.

The entire viaduct measures 1028.8 mtrs in 
length with a cantilevered central span of 163 
mtrs.

The A22 goes from Innsbruck-Austria to 
Modena-Italy and is approximately 360 kms long.

The surface areas indicated by the chief  engi-
neer is restricted to certain areas of the bridgedeck 
where the post-tensioned tendons are subject to 
maximum tension which can be seen from Figure 7. 
These maximum tension zones in combination 

Figure 1. Location of the viaduct.
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The reason for above requested corrosion sur-
vey was the concern of several Highway engineers 
regarding their findings during previous repair-
work which was done appr. 1 year before the date 
of this survey.

During repairwork of the bridgedeck these 
engineers discovered several corroded and frac-
tured tendons.

Figure 3, 4, 5 and 6 shows how the prestressed 
tendons and ducts were casted in the concrete 
bridge deck.

Figure 8 shows the set-up of the prestressed ten-
dons within the ducts and Figure 9 how the repair-
work was executed. It can be seen that the concrete 
top layer including the reinforcement bars just 
above the prestressed tendons has been completed 
removed and replaced.

Figure 10 shows several samples taken from the 
fractured tendons which are send to the lab for 
metallurgical analysis. This analysis has been per-
formed in the laboratory of the Material-prüfung-
sanstalt at the University of Stuttgart.

According to the designs the tendons are made 
of St 85/105, which is hot rolled, strained and tem-
pered material which leads to a pearlitic microstruc-
ture after cooing from the rolling temperature[1]. 
Lab analysis will reveal whether the material used 
is in agreement with the specified material and 
later will be discussed the suitability of this mate-
rial under these circumstances.

An important detail should be mentioned is the 
fact that big amounts of de-icing salts are used on 
this bridgedeck due to the altitude of the bridge 
and therefore laying in an area of long cold icy 
winters with temperatures easily reaching −15oC.

Figure 2. “Viadotto Colle Isarco”/“Autobahnbrücke 
Gossensaß”.

Figure 3. Cross section of the box girder bridge with 
the prestressed tendons.

Figure 4. Top view of the prestressed tendons.

Figures 5 and 6. The bridge under construction in 1969.

Figure 7. The zone of the construction which is sub-
jected to the survey.
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2 EXPERIMENTAL

During this inspection the following non-destruc-
tive methods were used:

1. Potential-mapping
2. Verification of zones with high corrosion 

probability
3. Metallurgical analysis
4. Chloride content analysis.

Figure 8. Prestressed steel tendons laying in a flexible 
steel duct filled with grout.

Figure 9. Situation of the bridgedeck just beneath the 
asphalt layer.

Figure 10. Samples taken from the fractured tendons 
for metallurgical analysis.

Steel embedded in good quality concrete is 
protected by an high alkaline pore water solution 
which, in the presence of oxygen, passivates the 
steel. The loss of alkalinity due to carbonation of 
the concrete or the penetration of chloride ions 
(arising from either marine or de-icing salts, or in 
some cases present in situ from the use of a calcium 
chloride additive) can destroy the passive film. In 
the presence of oxygen, humidity and aggressive 
ions in concrete, corrosion of the steel starts.

A characteristic feature for the corrosion of 
steel in concrete is the development of macrocells, 
that is the co-existence of passive and corroding 
areas on the same reinforcement bar forming a 
short-circuited galvanic cell, with the corroding 
area as the anode and the passive surface as the 
cathode. The voltage of such a cell can reach as 
high as 0.5V or more, especially where chloride 
ions are present.

2.1 Potentialmapping

The half-cell potential mapping method can be 
used for the detection of corrosion of tendons in 
pretensioned concrete. In this method, the differ-
ences in potential between the tendon and a suit-
able reference electrode placed at various points on 
the concrete surface are measured. The concrete 
surface is moistened to provide sufficient electrical 
conductivity.

In general, corrosion is greatest at positions 
of high negative potential with large potential 
gradients around them. With this techniques one 
should be aware that the rebars have to be electric 
continuous.

Figure 11 shows the equipment used. The device 
is actually the high impedance meter which has a 
built in software system.

In order to evaluate the corrosion and the extent 
to which this could result in cracking and spalling 

Figure 11. Equipment used for the potential measure-
ments.
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of the concrete, it is important to gain insight in 
the exact locations of passive and active zones in 
the construction.

For this purpose the measurement has to be 
performed in a grid covering the entire concrete 
surface. During this corrosion survey the distance 
between each measuring point is 55 cm in trans-
verse direction of the bridge deck and 95 cm in 
longitudinal direction which is determined by the 
equipment’s characteristics.

Specifically for this project due to its expanded 
surface area and the limited time available, the 
equipment was adapted to ease but increases the 
speed of the measurement method.

The problem which could occur during poten-
tial mapping was the fact that the bridgedeck was 
covered with a 8 cm asphalt layer and often a bitu-
minous layer between the asphalt and concrete for 
waterproofing is applied. This could create prob-
lems during the survey as the bitumious layer has a 
very high resistance. Out of experience it is known 
that moisturising the asphalt surface with water 
and soap will give very reasonable results.

So basically the equipment was modified in such 
a way that all procedures needed to complete the 
measurement could be done from a single position 
by one man without disturbing his position and 
the position of the equipment.

The equipment contains several parts which is:
Figure 11 shows the instrument measuring 

and storing the data. Windows based software 
is included which allows downloading, pre-
senting and editing the data measured by the 
instrument.

It also shows two measuring wheels attached 
to a shaft with a 55 cm distance from each other. 
Each wheel containing a built-in Cu/CuSO4 refer-
ence cell including a pressure vessel with hoses to 
wetten the wheels continuously. The measuring 
procedure is as following:

– Check continuity of reinforcement.
Several random spots on the bridgedeck was 
chosen with a distance of approximately 30 mtrs 
between each spot and on those spots an hole 
of 10 cm through the asphalt layer was drilled 
down to the reinforcement. With a LCR meter 
the resistance between these spots was measured. 
The total resistance indicated by the meter minus 
the wiring resistance should not exceed 1 Ohm 
for good electric continuity between the bars.

– Making the instrument’s earth-contact with the 
reinforcement. 
These holes drilled to the reinforcement which 
showed good electric continuity were used for 
the instrument’s earth connector.

– Performing the survey (see Fig. 11); the data are 
automatically stored.

2.2 Verifications of zones with 
high corrosion probability

During the corrosion survey every point on the 
bridge deck measured was closely monitored and 
when potentials were measured which indicated 
high probability of corrosion these points were 
marked with chalk to eventually verify possible 
corrosion and possible fractured tendon.

2.3 Metallurgic analysis

The objective of the metallurgical analysis is to 
reveal possible cause of the fractured samples 
like hydrogen embrittlement as high strength pre-
stressed tendons are quenched and tempered steels 
which are particularly susceptible to hydrogen 
embrittlement, and checking whether the material 
is in accordance with the specification.

According to the specification the pre-stressed 
tendons are manufactured by Dywidag and have 
the short name St 85/105, previous St 835/1031. 
These tendons are made of hot-rolled silicon-
manganese-carbon steel with a pearlitic micro-
structure.

The analysis has been performed in the labora-
tory of the Material-prüfungsanstalt at the Uni-
versity of Stuttgart.

2.4 Chloride content analysis

The chloride ions may originate from the ingre-
dients of the concrete mixture, may be mixed in 
as an accelerator (CaCl2), or may diffuse through 
the hardened concrete. The most commonly used 
method of assessement to determine the origin of 
the chlorides is performing a chloride penetration 
profile from analysis of samples taken from differ-
ent depths. The chloride profile which is the chlo-
ride content vs. concrete depth will indicate from 
what source the chlorides originate.

The concrete samples are collected by drilling 
incrementally using a 50 mm diameter percus-
sion drill and collecting the dust, at 0–20 mm, 
20–40 mm, 40–60 mm. and taking concrete sam-
ples from the direct prestressed tendon surround-
ing during the corrosion verifications.

3 RESULTS

3.1 Potential mapping

The results of the potential mapping are presented 
as corrosion “colour” cards in which the colour 
of each measuring point indicates the potential 
range. Figure 12 indicates the four zones in which 
the results of the corrosion survey are devided and 
presented.
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Colour range: the green and yellow colours indi-
cate low probability of corrosion. The difference 
between the colours green and yellow should be 
found in the humidity-difference in the concrete. 
Points represented by the yellow colour contain 
most probably higher concentrations of humid-
ity within the concrete. The red colour indicates 
points with a higher probability of corrosion. The 
stronger the color in the colour cards, the more 
negative is the corrosion potential.

3.2 Chloride content analysis

Results are presented in Table 1.
The exact locations of the samples taken are 

found in the “colour cards” presented.

4 DISCUSSION

Steel embedded in good quality concrete is pro-
tected by the high alkalinity pore water which, in the 
presence of oxygen, passivates the steel. This elec-
trolyte is mainly a saturated solution of Ca(OH)2 
(pH = 12), but the presence of alkaline cations as 
K+ or Na+ in the cement raw materials can induce 
an increase of pH in the pore solution up to 14.

Previous studies[2] indicated the presence of 
Fe3O4 (magnetite) and g-Fe2O3 (g-hematite) and a 
redox process:

3Fe3O4 < = > 4g-Fe2O3 + Fe2+ + 2e−

taking place in the outer layer of the passive film.
This passive film or protection can be removed 

only through carbonation of the concrete or if  
a critical chloride content at the steel surface is 
exceeded (depassivation), allowing the reinforce-
ment to corrode where a sufficient supply of moist-
ure and oxygen at the steel surface are available.[3]

These reactions leads to the development of 
regions of differing electrochemical potentials and 
resulting in current flow within the concrete. The 
current flow in the concrete is accompanied by an 
electrical field which can be measured at the con-
crete surface as can be seen in Figure 13, resulting 
in equipotential lines that allow the location of the 
most corroding zones at the most negative values.

The potentials in this electrochemical circuit 
can be measured at the concrete surface with a 
 measuring-electrode. This measuring method is 
performed in the same way as measuring the redox-
potentials in a galvanic cell, a “half-cell” or refer-
ence cell/electrode is used with a sponge for the 
conductive contact. Using a good high-impedance 
voltmeter (to avoid polarization effects of both the 
rebar and the reference electrode), of which one 
pole is earthed to the reinforcement. The potential 
of the reference-electrode in relation to the rein-
forcement can be read.

Figure 12. Zones in which the colour cards are devided.
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The absolute values obtained in this way can be 
influenced by many factors, which are rather dif-
ficult to determine and therefore often give cause 
for criticism as for the correct interpretation of 
the measured values. This because the ASTM-
 standard, as showed in the table, only indicates 
regular conditions in which corrosion can or can-
not be expected.

This standard doesn’t discuss the possible inter-
pretations of the measured values in case of altered 
situations, such as e.g. low potential gradients, car-
bonation, humidity changes and the specific resist-
ance changes of the concrete. So care should be 
taken during the interpretation of the values.

The total surface area of approximate 8000 m2 
has been potential mapped of which 25% of the 

total surface area showed areas which resulted 
in values being more negative than −350 mV 
[CSE]. However this does not need to mean that 
at those locations all the prestressed tendons are 
corroding.

As shown in Figure 9 reinforcement bars are 
positioned above the prestressed tendons, so it 
could be possible that the potentials indicate a 
situation of active reinforcement bars but passive 
tendons. Although the chance to encounter such 
a situation is very small due to the fact that almost 
the whole surface area of the bridge deck has been 
restored completely including replacement of the 
reinforcement bars by new passive bars.

Knowing this fact and seeing the very negative 
potentials at certain areas we feared that a particu-
lar situation could occur at these locations which is 
called macro corrosion cells, which could acceler-
ate the corrosion rate of the prestressed tendons.

The prestressed tendons are located in the origi-
nal concrete with relatively high chloride contents 
as can be seen from the chloride analysis.

These tendons are under tension and for struc-
tural safety reasons the concrete surrounding these 
tendons cannot be restored. However the restored 
top-layer of the bridge-deck exists of fresh high 
alkaline concrete with passive bars. These pas-
sive bars are more likely to be prone to the oxy-
gen reduction reaction due to their position than 
the passive tendons as can be seen in Figure 14. 
This oxygen reduction reaction will most prob-
ably accelerate the corrosion reaction of the active 
tendons.

This can only be checked visually by destructive 
verification of zones with high corrosion probility. 
By scarifying the concrete to the depth of the ten-
dons we were able to verify these zones. We kept 
these verifications to a very limited quantity due to 
the amount of energy involved during the scarifi-
cation which may cause mechanical damage to the 
corroded and possible weakened tendons.

After scarification and sandblasting we 
inspected these areas. Clearly can be seen from 

Table 1. Results chloride analysis.

Figure 13. Potentials can be measured on the concrete’s 
surface due to the equipontial lines.
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Figure 24 the highly corrosive tendons and very 
passive reinforcement bars laying on top of it. Sev-
eral corrosion pits seen in the bars have a depth of 
6mm which indicates severe chloride attack.

Regarding chloride attack there is a general 
agreement in the literature that chloride ions lead 
to depassivation, but the exact mechanism is not 
well understood.

It is also generally agreed that a critical con-
centration of chloride ions that leads to depas-
sivation exists, but there is little agreement on an 
exact quantitative amount of chloride required for 
depassivating plain carbon steel.

The critical chloride content or chloride thresh-
old concentration is the concentration of Cl− ions 
that is sufficient to cause active corrosion or induce 
pitting given enough time.

The critical chloride content is most commonly 
expressed as total chloride content relative to the 
weight of the cement (Cl−% m/m cement). The main 
reason for this is the fact that the determination of 
total chloride content in an existing structure is rel-
atively simple and well documented in standards.

Many national and international recommenda-
tions like RILEM, CEB and CUR report a critical 
chloride content of 0,4% Cl− m/m cement. Basically 
it means that the chloride contents above this value 
will most probably initiate corrosion and pitting.

Early studies by Hausmann[7] in 1967 indicated a 
[Cl−/OH−] ratio of 0.63, above which the chloride-
induced corrosion takes place faster than passive 
film repair by hydroxyl ions, based on simulated 
pore solution chemistry at a pH about 13.5.

However other studies, for example done by 
Diamond[8] indicated that in typical cement pastes, 
the [Cl−/OH−] ratio at which risk of corrosion is sig-
nificant drops as low as 0.3.

The concentration of chloride that causes depas-
sivation depends heavily on other variables such as 
oxygen concentration, pH, rebar surface condi-
tions, presence of other ions in the pore solution, 
and various concrete properties including type of 
aggregate, concrete additives, mix design, moisture 
level, and air content[5].

A passive film will contain relatively numerous 
flaws and defects, even when formed on a metal of 
high purity depending on its micro-structure. Chlo-
ride ions penetrate the oxide layer at these defects 
due to dissolution of the more reactive species in 
the oxide layer. Regardless of mechanism, corro-
sion initiation is a localized phenomenon caused 
by a sufficient concentration of chloride ions.

According to some studies[6] localized pitting 
attack is caused by sufficient chloride ion concen-
tration and will preferentially occur at regions of 
low dissolved oxygen content.

The initial oxide film formed on steel in con-
crete is Fe(OH)2, which is then converted to either 

ferrous (Fe2+) or ferric (Fe3+) oxide (also known as 
y-FeOOH). Although y-FeOOH is the more stable 
of the two oxides, it forms more slowly. Because 
these conversions are never complete, chloride ions 
may compete with the conversion of Fe(OH)2 to 
y-FeOOH by the following reaction:

Fe(OH)2 + 6Cl− < = > FeCl6
3− + 2OH− + e−

The chloride complex formed in this equation 
is soluble in the surrounding pore solution and, 
therefore does not provide protection against cor-
rosion of the rebar surface. Pore solutions contain-
ing sufficient chloride concentrations will promote 
localized areas of depassivation on the rebar sur-
face where the ferrous oxide has not been con-
verted to y-FeOOH, even if  the pore solution pH 
is above 11.5.

When analysing the chloride content of the sam-
ples a difference can be seen between the restored 
top-layer of the bridge-deck and the original con-
crete beneath this restored layer.

Table 1 shows the results of the chloride content. 
Samples 1 to 21 are taken from the concrete cores 
drilled in the top layer of the bridge-deck and sam-
ples 22 to 37 are taken from the concrete pieces of the 
original concrete around the prestressed tendons.

Clearly can be seen that samples taken from 
the restored bridge deck (1–23) have a much lower 
chloride content than the samples taken form 
the original concrete (22–37). Although the first 
20 mm already show a small increase of chloride 
content compared to the values form 20–60 mm 
depth. This indicates that the process of chloride 
ingress is actually still ongoing due to the use of 
deicing salts almost 6 months a year.

Specifically the samples taken from the concrete 
surrounding the prestressed tendons show chloride 
contents exceeding 1% m/m cement. This indicates 
a high probability of chloride initiated corrosion.

4.1 Susceptibility of prestressed steel

In the case of prestressed steel used for the tendons, 
the presence of very small amounts of hydrogen 
can lead to irreversible damage. Therefore the sus-
ceptibility of the steel to hydrogen is of enormous 
importance.

During the corrosion process, hydrogen atoms 
are released from the water and then absorbed by 
the steel. In prestressing steels, hydrogen under 
mechanical stresses can create pre-cracks in critical 
structural areas such as grain boundaries. These 
cracks may grow and result in fracture. Atomic 
hydrogen released on the steel surface can be 
absorbed and enriched by diffusion in multi-axially 
stretched plastic zones, crack tips, corrosion pits 
and precipitates in the steel structure.
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The susceptibility of prestressed tendons to 
hydrogen embrittlement depends on the chemical 
composition of the steel, the production process 
and subsequent treatment (e.g., thermal treat-
ment). All types of prestressing steels (hot-rolled, 
quenched and tempered, cold-deformed steel) can 
be used without fear of corrosion problems if  opti-
mal characteristics are achieved.

Steel types where the majority of the grain 
boundaries are perpendicular to the applied forces 
are most at risk. This group includes, hot-rolled 
and quenched and tempered steels. In the latter 
case, the austenite grain boundaries are of con-
cern. In the case of cold-formed wires and strands, 
the deformed grain boundaries run predominantly 
in the direction of the applied force. This explains 
why, in the presence of high hydrogen supply, cold-
drawn wires and strands manufactured from these 
types of wires perform better than hot-rolled and 
quenched and tempered steel.

Substantial variability in susceptibility to 
H-SCC can be observed in different types of steel, 
depending on composition and/or thermal treat-
ment. Sensitivity of steel microstructures to hydro-
gen embrittlement increases in the following order: 
perlitic grades, quenched and tempered, bainitic 
steels formed by continuous cooling, and finally 
martensitic microstructure[1]. Because of the high 
sensitivity of martensitic steel, it is not used where 
there is any risk of hydrogen-induced stress cor-
rosion cracking. Prestressed steels with bainitic 
structures have resulted in numerous structural 
failures and the use of this steel in construction is 
no longer permitted.

Cracks may occur in partially prestressed con-
crete structures. Since such cracks tend to open 
and to close under the influence of a superimposed 
fatigue stress, a number of factors must be consid-
ered and these are discussed below.

Cracks can occur in concrete due to fatigue 
loading displacements between the tendon and the 
injection mortar or the steel duct.

The “verification” zones where severe corro-
sion was found indicated no cracks in the tendons. 
This fundamentally indicates that the steel used is 
not susceptible for hydrogen embrittlement. The 
steel used is St 85/105 (32 mm tendons) and has a 
perlitic microstructure. Perlitic steel is known for 
its low susceptibility for hydrogen embrittlement. 
This is proved by the metallurgic lab analyses per-
formed by MPA (University of Stuttgart).

However previous inspections showed cracks 
in the tendons. Actually the samples given by the 
Highway Agency and sent to the lab for analy-
sis were samples cut out from the fractured ten-
dons. Remarkably these fractures were located 
in the very close vicinity of the coupler joints. A 
detailed sketch of these coupler joints can be seen 
in Figure 16.

Figure 17 shows the exact location of the frac-
tures which were all in the threaded region of 
the coupler joints. The inspection report of the 
Highway Agency also indicated the high chloride 
content found in these areas were the fractured 
tendons were located.

As indicated previously heavily corroded parts 
of the tendons which were not in the close vicinity 
of the coupler joints as seen in Figure 17 showed 
no fractures. These facts directed us to the coupler 
joints in combination with chlorides as the possi-
ble cause of the fractures in the threaded region 
of the tendons. Previous studies[9] of  problems with 
pre-stressed coupling joints indicated that couplers 
may crack as a result of imposed stresses.

Imposed stresses could be non-uniform sun 
heating and low amount of reinforcement which 
crosses the coupling joint to elevate stress concen-
trations in the joints.

Figure 14. Possible macro corrosion cell occurring and 
accelerating the corrosion rate of the tendons.

Figure 15. Despite heavily corroded tendons and 6 mm 
deep “pits”, no fractures in the tendons were found at 
locations away from the couplers.
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In these particular situations the joints will suf-
fer major stress fatigue cycles from traffic load 
which also led to prestressing steel fractures owing 
the stress sensitive couplings.

A similar situation of fatigue failure of pre-
stressed tendons in the coupling joint region was 
discovered at the “Heerdter crossing” in Düsseldorf 
in 1976, until then unrecognized, and indicated as 
a weakness of prestressed concrete structures[10].

Two separate prestressed concrete bridges form 
a flyover at the Heerdter crossing. The bridge decks 
were cast in place as continuous single-hollow-
core girders. As the longitudinal prestressed, single 
smooth tendons made of 26 mm diameter bar of 
steel grade St 85/105 by Dywidag were used.

At section joints the tendons were coupled with 
threaded connections exactly the same as used in 
the bridge deck “Viadotto Colle Isarco”.

In 1976 on one of the bridges flyovers, increased 
crack widths were clearly visible in the bottom 
plate at several coupling joints in the curved 
region. The coupling joints at this location were 
formed as indented joints with 8 up to 12 tendons 
located there. At the indentations the concrete 
was cracked right through in the extension of the 
course of the main joint and nearly all prestressed 
tendons were broken due to corrosion fatigue in 
the threaded region of the coupling joints.

Investigation further revealed that the unfore-
seen cracking of the coupling joints or in the close 
vicinity of it occurred predominantly as the result 
of imposed stresses due to non-uniform solar heat-
ing. The cracking of the coupling joints imposed 
consequential effects in turn on the prestressed 
steel. The unforeseen cracking was combined with 
an insufficient amount of reinforcement placed 
over the coupling joints and a large fatigue load 
caused by the traffic.

Due to this uncovering DIN 4227 was devel-
oped and specifically part 1 describes the risk 
of fatigue fracture from coupling joints which 
depends greatly on the amount of reinforcement 
which crosses the coupling joints. The minimum 
acceptable longitudinal reinforcement which goes 
through the coupling joints has been significantly 
increased. The reinforcing steel bars with their 
ribs limit the movement in the joints and reduce 
the range of alternating stresses. In this way they 
reduce the fatigue loading on the couplings.

5 CONCLUSION

Potential mapping of appr. 8000 m2 of concrete 
surface area of the upper bridge deck of the Via-
dotto “Colle Isarco” indicated heavily corroded 
prestressed tendons due to chloride ingress proved 
by the lab analysis of the concrete samples. The 
corroded zones showed pits up to 6 mm deep. The 
total zone with possible corrosion is estimated on 
9% of the total surveyed surface area. This amount 
is based on adding up all measuring points with 
a potential being more negative than −450 mV 
divided by the total amount of measuring points.

However no fractures were found in those 
“active” zones away from the coupler joints.

The steel St 85/105 used for the prestressed ten-
dons has the perlitic microstructure and is not sus-
ceptible for hydrogen embrittlement as proved by 
the metallurgic analysis performed in the labora-
tory of the Materialprüfungsanstalt at the Univer-
sity of Stuttgart.

Fractures found in the tendons in previous 
inspections are most probably caused by major 
stress fatigue cycles from traffic loads in combi-
nation with corrosion due to the stress-sensitive 
couplings.

It is well known that a corrosive environment 
will reduce the fatigue strength of prestressing 
steels and reduce therefore maximum allowable 
stress fatigue cycles of the prestressed tendons.

Exactly similar cases (Heerdter crossing in Düs-
seldorf in 1976) were found in old reports, e.g. 
published in the technical report 26 “Influence 
of material and processing on Stress Corrosion 
Cracking of prestressing steel—case studies” by 

Figure 16. Typical Dywidag tendon coupler.

Figure 17. Location of fractures were in the threaded 
region of the coupler.
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the International Federation for Structural Con-
crete (fib) in Lausanne—Switzerland. Case history 
search discovered that the steel tendons used in this 
construction were exactly the same: St 85/105 and 
fractures were found in the threaded region of cou-
pling joints due to corrosion fatigue.
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Results corrosion survey: Zone 3a of the bridge deck with verified locations of the prestressed tendons.

Results corrosion survey: Adjacent surface of zone 3a with verified locations.
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Results corrosion survey : Zone 4 with verified locations.
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ABSTRACT: Two beams with dimensions 3000 × 280 × 150 mm were exposed to a chloride chamber for 
27 and 36 months, corrosion of the reinforcements in the beams were accelerated by wetting and drying 
cycles. Two deep beams were taken from each long beam. Mechanical test were applied on the four deep 
beams. Then corrosion maps, cross-sectional loss of tensile reinforcements and diameter loss of stirrups 
were depicted. The results showed that corrosion distributed quite randomly on the reinforcements. The 
beams with light corrosion on tensile reinforcements failed in shear mode. Severe corrosion of tensile bars 
lead to the flexure failure of deep beams.

aged by partial length corrosion on tensile rein-
forcements. Xia et al. (Xia et al., 2011) and Higgins 
et al. (Higgins et al., 2012) carried out some experi-
ments on the shear performance of beams dam-
aged by corrosion on stirrups. However, normally 
not only tensile reinforcements or stirrups are 
damaged in the corrosion damaged RC structural 
elements in-service. And all the investigations men-
tioned above accelerated corrosion with impressed 
current, which lead to different corrosion distri-
bution comparing with natural corrosion (Yuan 
et al., 2007).

Zhu and François (Zhu et al., 2015, 2013) stud-
ied the mechanical performance of deep beams 
corroded in a climate accelerated environment. 
At the same time, the mechanical performance of 
uncorroded beams were also tested to highlight the 
impact of corrosion on the mechanical perform-
ance of deep beams. The cracking pattern after 
failure, the failure mode and span to effective 
depth ratio of all the beams were investigated in 
their research.

1 INTRODUCTION

Corrosion is the upmost threat for the durability of 
reinforced concrete structures exposed in a marine 
environment. Structural performance and service-
ability of reinforced concrete structures is affected 
by corrosion from several aspects, cross-sectional 
loss of reinforcements, disbonding between con-
crete and reinforcements caused by the expansion 
of corrosion products, and brittle performance of 
corroded reinforcements.

Numerous of studies (Alsulaimani et al., 1990; 
Du et al., 2013; Zhu and François, 2014a) have 
been carried out on the mechanical performance 
of corroded reinforced concrete beams. However, 
most of the existing studies were focused on the 
slender beams. Due to the different load transfer 
mechanisms in slender beams and deep beams, it is 
quite necessary to investigate the mechanical per-
formance of deep beams damaged by corrosion. 
Wang et al. (Wang et al., 2011, 2012) studied the 
shear behavior of reinforced concrete beams dam-
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In this paper, some deep beams were corroded 
in the same environment as that in the studies of 
Zhu and François (Zhu et al., 2013, 2015). Then 
the mechanical performance of  beams with differ-
ent span to effective depth ratios (1.55, 1.94 and 
2.03) and different corrosion degrees were studied 
in order to enrich the experiment results and try to 
get some more knowledge on the mechanical per-
formance of  deep beams damaged by corrosion.

2 EXPERIMENTAL CONTEXT

A batch of beams with dimensions 3000 × 280 × 
150 mm, which a sufficient size to be representative 
of the real structure conditions, were cast at Labo-
ratoire Matériaux et Durabilité des Constructions 
(L.M.D.C.) in Toulouse in 2010. All the beams were 
divided into two groups named type As and type 
Bs according to the different reinforcement layouts. 
The beams were stored in a confined chamber with 
chloride environment under service load so as to 
simulate the real structures in service. After a cer-
tain period of corrosion, the corroded beams were 
taken out of the chamber and bending test was 
applied on the full scale beams.  During the bend-
ing test, the broken section and cracks induced by 
bending were mainly concentrated in the middle of 
the full scale beams. The two ends of full scale beam 
were undamaged and were cut to form two short 
span beams in order to study the shear perform-
ance of corroded beams. In this study, four short 
span beams, extracted from two beams of type Bs 
(Bs02 and Bs04), were investigated here.

2.1 Reinforced concrete beams

The beams of type B were reinforced with ordinary 
reinforced steel (yield strength = 500 MPa). The 
concrete cover is 10 mm and the arrangement of 
steels is shown in Figure 1. The diameter of tensile 
bars is 12 mm, while that of compressive bars and 
the stirrups is 6 mm. It worth noting that there were 
no hooks on the longitudinal bars at the ends. The 
composition of the concrete is shown in Table 1. 
The actual water/cement ratio was fine adjusted in 
order to obtain a slump of 70 mm. The average 
compressive strength of concrete was 45 MPa by 
the test of cylindrical specimens (110 × 220 mm) at 
28 days.

2.2 Loading of the beams

One type A beam and one type B beam were 
loaded together with the loading system shown 
in Figure 2. The beams were loaded at two differ-
ent levels. Level 1 loading (Mser = 13.5 kN ⋅ m) was 
designed according to the Serviceability Limit State 
(SLS) requirements in an aggressive environment 
based on an indirect limitation of crack width. 
Level 2 loading (Mser = 21.2 kN ⋅ m) was designed 
according to Ultimate Load Limit state (ULS) in 
a non-aggressive environment. For beam Bs02, 
the bending moment was Mser = 13.5 kN ⋅ m (cor-
responding to a point load of 20 kN), while the 
bending moment of Bs04 was Mser = 21.2 kN ⋅ m 
(corresponding to a point load of 30 kN).

2.3 Exposure environment

Once the beams were loaded, they were stored in 
a confined chamber as shown in Figure 2. Salt fog 

Figure 1. Layout of the RC beams type Bs (all dimensions in mm).

Table 1. Concrete composition and cement composition.

Mix composition

Rolled gravel (silica + limestone) 5–15 mm 1109 kg/m3

Sand 0–5 mm 745 kg/m3

Portland cement: OPC (CEM I) 364 kg/m3

Water 182 kg/m3

Figure 2. Loading system and exposure condition.
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(35 g/L of NaCl, corresponding to the salt con-
centration of sea water) was generated by four 
spray nozzles located at each upper corner of the 
chamber. The exposure condition was wetting-
drying cycle with two days of spraying and then 
2 weeks of drying, and the temperature was the 
same as the natural environment of south west 
France, with monthly-average temperatures rang-
ing from 5.1°C to 21.3°C.

3 EXPERIMENT RESULTS 
AND DISCUSSION

Beam Bs02 and beam Bs04 were taken out of the 
confined chamber after being exposed in the chlo-
ride environment for 36 and 27 months respectively. 
Corrosion maps were depicted, afterwards bending 
test was carried out on the two full scale beams.

3.1 Dimension of the short span beams

As stated in last section, damage occurred only 
in the middle of the full scale beams. So the short 
span beams were extracted at two ends of the full 
scale beams. In order to consider the effect of dif-
ferent span/effective depth ratios on the mechani-
cal performance of corroded RC beams, short span 
beams with different span lengths were extracted. 
The length of both short span beams extracted 
from beam Bs04, named as Bs04-A and Bs04-B, 
was 1200 mm. The net span was 1000 mm and the 
span/effective depth ratio was 1.94. The two short 
span beams extracted from beam Bs02 were named 
as Bs02-A and Bs02-B. The length was 1250 and 

1000 mm respectively. The net span was 1050 and 
800 mm respectively while the span/effective depth 
ratio was 2.03 and 1.55 respectively. The dimensions 
of the four short span beams are presented in 
Figure 3. The hatched zone stand for the part dam-
aged in the bending tests and was discarded.

3.2 Cracking maps of short span beams

Full scale beams Bs04 and Bs02 were taken out of 
the chloride chamber after 27 and 36 months of 
exposure respectively. Cracking maps of the two 
full scale beams were depicted before bending test. 
A video microscope was used to measure width of 
cracks, including transverse cracks and longitudi-
nal cracks, in the beams. The accuracy of the video 
microscope was 0.01 mm and the magnification 
was between 25 to 175 times. On the cracking maps, 
the black lines represent bending cracks, while the 
red lines represent corrosion cracks. The standard 
lines represent cracks whose width are smaller than 
1.0 mm while the bold lines represent cracks those 
are wider than 1.0 mm. The blue hatched zone 
means spalling of concrete cover.

On beam Bs04-A, there were more corrosion 
cracks around the front tensile bar, although the 
exposure environment and the concrete cover 
depth were the same for the front bar and the 
back bar. For most of cracks, the crack width was 
smaller than 1.0 mm. The maximum crack width 
was about 1.4 mm, which located near to the left 
end of the beam. For beam Bs04-B, there was no 
much difference on the crack distribution around 
the front bar and the back bar. The maximum 
crack width was about 0.9 mm, which located in 

Figure 3. Dimensions of the four short span beams (in mm).
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the middle of the front bar and on the left end of 
the back bar.

There were much more cracks on the front side 
of beam Bs02-A than on the back side. The widest 
crack was located on the right side, which is closed 
to the central part of the original full scale beam. 
And the most large crack width was about 1.9 mm. 
The situation on beam Bs02-B was quite different. 
There were much fewer cracks on both front and 
back sides of beam Bs02-B than Bs02-A. Most of 
the cracks were distributed on the tensioned sur-
face. There were nearly no cracks on the central 
part of beam Bs02-B. It is particularly worth not-
ing that there was some spalling occurred on the 
right end of beam Bs02-B.

3.3 Corrosion maps

After the mechanical test, tensile bars were 
extracted out and cleaned with Clark’s solution 

(ISO 8407) to remove the corrosion products. 
The corrosion distributions on the tensile bars 
were described in detail. General corrosion and 
pitting corrosion areas were depicted with differ-
ent stamps. General corrosion areas were covered 
by the blue hatched lines while pitting corro-
sion areas were covered by the solid blue zones. 
The red points on the steel bars of  beam Bs04-A 
and Bs04-B stand for the failure point during the 
mechanical tests.

As presented in Figure 7, almost all the sur-
face of tensile bar in beam Bs04-A and Bs04-B 
was  corroded. The situation of beam Bs02-A 
and Bs02-B was quite different, there are some 
zones uncorroded on the back tensile bar of beam 
Bs02-A and Bs02-B. It corresponded to the areas 
without corrosion cracks in Figure 6. Although the 
corrosion time of beam Bs02-A and Bs02-B was 
longer than that of beam Bs04-A and Bs04-B, the 
corroded area was a bit smaller.

Figure 4. Cracking maps of Bs04-A and Bs04-B.

Figure 5. Cracking maps of Bs02-A and Bs02-B.
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3.4 Cross-sectional loss of tensile bars 
and diameter loss of stirrups

Gravimetric method was used to calculate cross-
sectional loss of corroded steel bars. Due to the 
irregular distribution of corrosion, steel bars were 
cut into short pieces of different lengths accord-
ing to the corrosion pattern. The length of each 
piece was measured with vernier calipers with a 
precision of 0.02 mm. The weight was measured 
on a balance with a precision of 0.01 g. the loss 
of cross-section was then calculated with Equation 
(1). The original mass of the short sections can be 
calculated with Equation (2):

ΔA
m m

m
As sA A= ⋅0

0  
(1)

m A LsA0 ⋅ ⋅Lρ  (2)

where ρ (g/cm3) is the density of the steel bar, con-
sidered to be 7.85 g/cm3; L is the length of each 
short section; Δ As is the average loss of cross-
section of the corroded bars over the short section 
length; As is the nominal cross-section of the steel 
bars; m is the residual mass of the short sections 
of corroded bar; and m0 is the nominal mass of the 
steel bars.

The cross-sectional loss of tensile bars embed-
ded in beam Bs04-A and Bs04-B is presented in 
Figures 8(a) and 8(b) respectively. Figures 9(a) and 
9(b) show the cross-sectional loss of tensile bars in 
beam Bs02-A and Bs02-B.

For beam Bs04-A, the maximum cross- sectional 
loss was 36.7%, which located on the front 
bar and was about 560 mm from the left end. 

Figure 7. Corrosion maps of beam Bs04-A and Bs04-B.

Figure 6. Corrosion maps of beam Bs02-A and Bs02-B.

Figure 8. Cross-sectional loss of beam Bs04-A and 
Bs04-B.

It corresponded to the failure point of this beam 
during the mechanical test. The situation of beam 
Bs04-B was similar, the maximum cross-sectional 
loss was 39.0% and located on the front bar, about 
560 mm from the right end. It also corresponded to 
the failure point during the mechanical test.

The cross-sectional loss of front bar in beam 
Bs02-A was much higher than that of back bar, 
which agrees with the cracking maps. In Figure 4, 
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Figure 10. Diameter loss of stirrups in beam Bs04-A 
and Bs04-B (in percentage).

Figure 12. A schematic of mechanical test setup.

Figure 9. Cross-sectional loss of beam Bs02-A and 
Bs02-B (in percentage).

Figure 11. Diameter loss of stirrups in beam Bs02-A 
and Bs02-B (in percentage).

we can find there are much more corrosion cracks 
around the front bar than the back bar. It could be 
concluded that corrosion cracks can reflect corro-
sion degree to some extent. Different from beam 
Bs04-A and Bs04-B, the maximum cross-sectional 
loss was not in the middle of the beam but was close 
to the right end. The maximum cross- sectional loss 
of tensile bar in beam Bs02-B was about 13.4% 
and it was also not in the middle.

The stirrups in the beams were also corroded. 
A vernier caliper was used to measure the residual 
diameter of stirrups, then the diameter loss in per-
centage was calculated. The results are presented in 
Figures 10 and 11. It is obvious that corrosion was 

concentrated on the top of all the stirrups. Two rea-
sons are contributed to this phenomenon. Firstly, 
more chloride solution was sprayed on the top sur-
face of the beams, it results in more corrosion on 
the top of the stirrups. Secondly, the top surface 
was tensioned during the storage. Thus chloride 
was more permeable through the top surface.

3.5 Mechanical tests of beams

Short span beams were loaded with a three-point 
loading equipment. The beams were loaded at a 
constant rate of 0.5 kN/s until failure. The mid-
span deflection was recorded with a digital sensor 
with an accuracy of 0.01 mm. Other four digital 
sensors with the same accuracy were placed on 
each end of the two tensile bars to record the slip 
during the mechanical test. The anchorage length 
of all the beams was 100 mm. A schematic of the 
test setup is presented in Figure 12.

The pictures of beam Bs04-A and Bs04-B after 
mechanical test are shown in Figures 13(a) and 
12(b) respectively.

For beam Bs04-A and Bs04-B (a/d = 1.94), cracks 
induced by loading initiated in the middle of the 
two beams. The initial cracks  propagated  vertically 
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Figure 13. Failure of beam Bs04-A and Bs04-B.

Figure 15. Failure of beam Bs02-A and Bs02-B.

Figure 14. Load-deflection curves of beam Bs04-A and 
Bs04-B.

upward to the loading point with the increase of 
loading. The main crack became wider with the 
increase of load. Shortly after the load reached 
the peak, beam Bs04-A failed suddenly due to the 
failure of front tensile bar closed to the middle of 
the beam. For beam Bs04-B, the crack pattern was 
nearly the same as that of beam Bs04-A, and it also 
failed due to the rupture of a tensile bar.  Comparing 
with beam Bs04-A, however, beam Bs04-B experi-
enced a much longer yield period before failure. It 
could be reflected on the load-deflection curves of 
the two beams, which are presented in Figure 14.

There was another difference between beam 
Bs04-A and Bs04-B, some concrete cover in the 
middle span spalled before the failure of beam 
Bs04-B while there was no concrete delaminated 
on the beam Bs04-A. Before the loading test, the 
maximum crack width in the middle of beam 
Bs04-B was 0.9 mm, which was greater than the 
value on beam Bs04-A, 0.46 mm.

Figures 15(a) and (b) present the pictures of 
beam Bs02-A and Bs02-B after mechanical test.

For beam Bs02-A (a/d = 2.03), an inclined crack 
with a slight angle was formed on the right of the 
mid-span. Some concrete cover on the right part 
spalled with the increase of loading. Finally, the 
beam failed due to the rupture of two stirrups 
and the disbonding between concrete and steel. As 
presented in Figure 10(a), there were obvious pit-
ting corrosion at the failure points on the stirrups, 
the diameter loss of stirrups at the failure points 
was 42% and 17% respectively. For beam Bs02-B 
(a/d = 1.55), a crack with a slight angle was formed 
on each side of the mid-span. Concrete cover on 
both sides except in the mid-span spalled with 
loading increasing. Finally the beam failed due to 
the disbonding between concrete cover and steel 
reinforcement. Both the two beams failed in a brit-
tle way, the loading-deflection curves are presented 
in Figure 16.

Although beam Bs02-A had a greater span to 
effective depth ratio than beam Bs04-A and beam 
Bs04-B, it failed in a shear failure mode while beam 
Bs04-A and Bs04-B failed in a flexure mode. It 
could be contributed to different corrosion degree 
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on the tensile bars. As presented in Figures 8(a), 
8(b) and 9(a), we can find the corrosion degree on 
the tensile bars of beam Bs04-A and Bs04-B was 
more severe than that on beam Bs02-A. The maxi-
mum cross-sectional loss of tensile bars in beam 
Bs04-A and Bs04-B was 26.6% and 22.8% respec-
tively, both of them located closed to the middle of 
the beams. The maximum cross-sectional loss of 
tensile bars in the middle of the beam Bs02-A was 
only 6.3% and the load capacity did not decrease 
as that of Bs04-A and Bs04-B.

Due to the serious corrosion on tensile bars of 
beam Bs04-A and Bs04-B, the tensile bars yielded 
before the formation of diagonal cracks. Finally 
the two beams failed due to the rupture of tensile 
bars in the flexural manner.

It worth particularly noting that, the ultimate 
deflection of  beam Bs04-B was significantly 
higher that beam Bs04-A although their failure 
mode was the same and their maximum cross-
sectional loss of  tensile bar was very close. A 
possible reason is that the residual ductility of 
corroded tensile bar was quite different. Zhu and 
François (Zhu and François, 2013b, 2014b) con-
firmed that the residual ductility depends on both 
corrosion degree and the geometry of  residual 
cross-section.

4 CONCLUSION

The following conclusions can be drawn:

1. Corrosion distributed quite randomly on the 
reinforcements.

2. The corrosion of reinforcements could change 
the failure mode of the reinforced concrete 
beams from shear to flexure. Two corroded 
beams, Bs04-A and Bs04-B, failed in flexure 
due to the serious corrosion on the tensile rein-
forcements. The maximum cross-sectional loss 

Figure 16. Load-deflection curves of beam Bs02-A and 
Bs02-B.

of tensile reinforcements in the two beams was 
26.6% and 22.8% respectively.

3. Although the failure mode and ultimate load of 
beam Bs04-A and Bs04-B were nearly the same, 
significant ductility was presented on the two 
beams. The possible reason is the different duc-
tility of corroded tensile reinforcements. Duc-
tility of steel bar depends on both corrosion 
degree and geometry of residual cross-section.
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Literature overview on the application and limitations of stress wave 
propagation theory for conditional assessment of concrete structures 
and elements

E. Okwori
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ABSTRACT: The deterioration and damage of concrete structures has become a prominent problem 
in recent decades preventing concrete structures from achieving their design specifications. Therefore the 
need to develop efficient methods to understand the nature of the deterioration and damage mechanisms 
effectively is essential to providing solutions to mitigate deterioration and damages in concrete structures. 
This paper presents an overview, which provides information regarding the application of stress wave 
propagation theory in Non-Destructive conditional Evaluation (NDE) of concrete structures. Current 
trends, technologies and some limitations to the application of the theory, and illustrate the need for fur-
ther research to improve the efficiency and applicability of the theory in NDE of concrete structures.

    I.  Results do not provide real-time immediate 
evaluation of concrete structures

II.  Concrete specimens used for testing differ from 
actual structure and do not provide a direct 
reflection of the state of the structure. As 
strength depends on the size and shape of the 
properties of the specimen.

Therefore to overcome these limitations and oth-
ers not stated. The development of non-destructive 
testing methods to assess the status of concrete 
structures and the use of more performance-based 
approaches to durability of concrete structures 
became imperative. Also the repair and rehabili-
tation/restoration of serviceability of concrete 
structures after failure or at stages of extreme 
deterioration is often very expensive. Therefore 
conditional assessments of concrete structures 
are required periodically, to determine the status 
of the structure before failure or stages of extreme 
deterioration in order to optimize/reduce main-
tenance cost and extend the design/service life of 
concrete structures. A crucial aspect of conditional 
assessment is the determination of the cause or 
root of deterioration/failure mechanism in con-
crete structures. Which involves the application 
traditional and modern non-destructive testing of 
techniques to assess concrete structures (Verma, 
Bhadauria, & Akhtar, 2013). NDT’s involve the 
application of various principles and instrumen-
tation to access the condition of the concrete 
structures. Stress wave propagation techniques 
form part of the non-destructive testing principles 

1 INTRODUCTION

Concrete as a construction material has been used 
for many decades and is regarded as one of the 
most economical and durable construction materi-
als, if  and when it is designed and placed properly. 
Used in various forms, such as reinforced concrete, 
pre-stressed concrete, shortcrete and many more. 
Despite the economy of usage and versatility of 
concrete as a construction material it experiences 
premature deterioration, which prevents it from 
achieving its intended design function. Some of 
the causes of deterioration and damage include 
construction errors, design errors, deteriora-
tion resulting mostly from environment condi-
tions, overloading amongst others (Beushausen & 
Alexander, 2009).

Testing of concrete structures has become 
imperative as a result of deterioration and dam-
ages. Increasing the understanding of the dete-
rioration process and developing strategies to cub 
deterioration. As such traditional testing methods 
of concrete structures were used in the paste to 
determine the status and durability of concrete 
structures against deterioration and damage. 
Which largely approached it from the prescriptive 
perspective usually involving the specification of 
strength, water cement ratio and such structures 
were usably tested by compressive, flexural and 
tensile strength tests. These tests though effective 
in estimation of strengths of concrete structures 
have disadvantages, which include but are not lim-
ited to the following.
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commonly applied in the evaluation of concrete 
structures. To detect the condition of a structure 
based on the assessed condition in comparism with 
threshold values of inherent properties of the struc-
ture. The suitability and applicability of the stress 
wave propagation methods depends on the knowl-
edge and expertise available.

Hence the need for new and innovative research 
into the use of stress wave propagation methods 
for assessment of concrete structures is critical for 
better practice and efficient and effective use of the 
technique.

2 STRESS WAVE PROPAGATION THEORY 
IN NON-DESTRUCTIVE EVALUATION 
OF CONCRETE STRUCTURES

The research leading to the development and appli-
cation of stress wave propagation methods in con-
crete structures stems from the early 20th century 
with L.H Donnell in 1930 till the development of 
the most widely used wave equation analysis pro-
gram by GOBLE and RAUSCHE in 1976, which 
is still currently in use (Hussein & Goble, 2004). 
The principle of application of stress wave propa-
gation in concrete structures is based on inducing 
a short duration mechanical impact generated by 
action of small steel balls or a hammer against the 
surface of a concrete structure. This causes the 
generation of low frequency stress waves or dis-
turbances, which propagate into the structure. The 
disturbances generated propagates in various wave 
forms namely compressive stress waves (P-wave), 
shear waves (S-wave) and Rayleigh (R-wave), the 
P-wave is the fastest and may be used for quantifi-
cation of damage and strength, it propagates at a 
normal to the testing surface while S-wave propa-
gates perpendicular to the surface and R-wave 
propagate along the surface parallel to the testing 
surface and may be used for quantification of sur-
face related anomalies (ACI COMMITTEE 228, 
1998). This stress waves or disturbances are sensi-
tive to change in impedances or boundary between 
dissimilar media along the concrete structure, as a 
result the stress waves are reflected by anomalies 
and external surfaces (Nicholas, 2004).

Surface shifts caused by reflections from the 
waves are recorded by an accelerometer or trans-
ducer, which is located adjacent to the impact 
location. The resulting shift versus time signals are 
recorded and presented in the time domain (ampli-
tude versus time) and may also transformed into 
frequency domain (frequency versus time) using 
Fast Fourier’s Transforms (FFT). Multiple reflec-
tions of stress waves between the impact surface, 
flaws and other external surfaces produce transient 
resonances which may be identified in the spectrum 

and used to evaluate the integrity of the structures 
and determine the location of flaws or anomalies. 
In conditional assessment the transient resonance 
response patterns are produced by the waveforms 
and spectra, more specifically the spectra that pro-
vides information about the existence and location 
of flaws in existing structures. In quality control 
applications the dimensions and geometry of the 
cross-sections of structures for each of the geo-
metrical forms encountered in concrete structures 
(plates, circular, rectangular, columns and beams 
(rectangular, circular, I &T shaped beams and col-
umns etc)) may be identified by stress wave propa-
gation methods.

3 1D AND 3D DIMENSIONAL STRESS 
WAVE PROPAGATION THEORY

Stress waves, which propagate in concrete struc-
tures, may be utilized for a variety of applications, 
ranging from damage assessment to routine quality 
assurance. Forms of stress waves used are basically 
either 1D (One dimensional) or 3D (Three dimen-
sional) waves. 1D wave propagation theory also 
known as the kinematics of deformation theory as 
illustrated by (Jian-hua, Yuan, & Liu, 1999) stems 
from newton’s second law of motions, which stated 
the force acting on a body is proportional to its mass 
and acceleration is produced. Based on this law, 
with considerations about the summations of stress 
acting on a unit cross section of concrete and its 
material properties that the second order differential 
equation governing 1D wave propagation is based

δ
δ

δ
δ

2δδ
2

2
2δδ

2
u

tδδ
c

u
xδ

=
 

(1)

where C represents the speed of the wave and is 
given by

c
E
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ρ  
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where E is young’s modulus and ρ is mass density 
of the concrete material. The solution the above 
second order differential equation also known as 
D’Alemberts equation is given as

u t x ct( ,x ) ( ) ( )+x(ψ φx ct( ) (−x ((  (3)

Which illustrates and describes the motion 
of a 1D wave in a linear elastic medium such as 
concrete.

3D wave propagation theory on the other hand 
is based on theory of elasticity as illustrated by 
(Wang, 2004). The theory of elasticity is based on 
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stress and displacement constants, poission’s effect 
and interface conditions in a medium. The govern-
ing the equation, which illustrates the behaviour of 
3D waves in a linear elastic medium, is described 
by Navier-strokes equation.

( )λ μ μ ρδ
δ

∇))) ∇ + ∇ =μ+ ∇μμ k
tδδ

2
2δδ
2

 
(4)

4 STRESS WAVE PROPAGATION 
METHODS USED IN EVALAUTION 
OF CONCRETE STRUCTURES

Some of the most common stress wave propaga-
tion techniques utilized in the evaluation of con-
crete structures as described by nicholas (2004), 
are briefly described below with an insight into 
their applications and limits.

1. Ultrasonic Pulse Velocity: This method involves 
the measurement of the travel time of an ultra-
sonic pulse passing through concrete by gen-
erating a pulse with a transducer and creating 
a complex system of waves. Which comprises 
of longitudinal and compressive waves and a 
receiving transducer that detects the signals 
(Ohtsu, Yoshiara, Uchida, Saeki, & Iwata, 
2003).
Applications: Some of the applications of 
ultrasonic pulse velocity include determina-
tion of concrete compressive strength (Ohtsu, 
Yoshiara, Uchida, Saeki, & Iwata, 2003), the 
uniformity and quality of concrete, identifica-
tion of cracks and voids, evaluation of the effec-
tiveness of crack repairs in concrete etc (ASTM 
C597, 2009).

Using the velocity and attenuation coefficient 
of the ultrasonic velocity pulse. Stress wave 
theory is used for the estimation of fresh and 
hardened properties of concrete. Application in 
determination properties of dynamic poisons 
ratio, dynamic young’s modulus (Tesfamariam & 
Martin-perez, 2010).  Application in the determi-
nation of hardened concrete properties includes 
strength development.

In the assessment of the durability condition 
of deteriorating or aging structures applica-
tions based on pulse velocity method include 
fire damage, alkali-silica reaction, detection and 
monitoring of crack growth, corrosion induced 
spalling and delamination, freeze and thaw.

In the repair of concrete infrastructures 
applications include epoxy inject repair and 
FRP encased concrete.

Reliability and limitations in application: A 
variety of factors affect the wave velocity. As 
such the extraction of cores from the structure 

for confirmation of results may sometime be 
necessary. Some factors, which influence and 
limit the application of ultrasonic pulse velocity 
method include
1.  The coupling conditions of the transducers. 

Which highly affect the amplitude of the 
wave and disturb the attenuation evaluation 
and velocity estimation.

2.  The nature of the lateral boundaries of the 
structure or element may generate waves, which 
convert the apparent P-wave reflections.

3.  The presence of reinforcement bars in 
concrete may accelerate or scatter waves. 
 Depending on the orientation of the rein-
forcement bars.

2. Pulse Echo: Involves the propagation of stress 
waves in a medium, initiated by a transmitter 
and is reflected by anomalies or interfaces and 
reflect waves measurement may be recorded by 
the same transmitter or a second transducer 
located near the first. The receiving transducer 
produces output results of the medium in time-
domain waveform known as A-scan and longi-
tudinal section known as B-scan, and a depth or 
parallel section to the surface known as C-scan.
Applications: Applications of pulse echo include 
measuring slab thickness, pavement thickness 
and wall thickness also measurement of pile 
length in one direction and the location of sur-
face open cracks in submerged structures.

Reliability and limitations in application: The 
reliability of this method may be verified by 
calibration at a point of known thickness in the 
structure, or measurement of the wave velocity 
through an extracted core of known diameter 
and measuring the wave velocity of subsurface 
waves. Some of the limitations include.
1.  The method is sensitive to air-filled layers in 

concrete and during encounters, total reflec-
tion or scattering of the wave occurs. Also 
this also occurs with aggregates, which pos-
sess large surface areas and could be inter-
preted as a defect.

3. Impact Echo: Also known as sonic echo in cer-
tain circumstances of application the principle 
of impact and sonic echo are the same the dis-
tinction between this two is the bad of frequency 
been application which testing. Testing typically 
involves the propagation of low frequency stress 
pulse in a structure, originated from a mechani-
cal impact, which moves along the structure in 
spherical wave fronts. 
This impulse consists of P and S waves. The 
arrival of a reflection arising from this impulse 
at the surface resulting from reflections of inter-
nal interfaces or external boundaries usually 
signifies an anomaly or the end of the structure. 
A transducer measures these arrival reflections. 
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In this method the wave propagates through the 
structure in all directions and a reflection may 
arrive from many directions.

Applications: Mostly used primarily for pile 
integrity testing due to the boundary of the 
pile serving a guide to confine wave energy 
and reduce attenuation, others include thick-
ness determination of slabs, pavements, tun-
nel linings and general geometry of structural 
elements.

Reliability and limitations in application: The 
reliability of the method may be determined by 
calibration with a structure with known thick-
ness. Some of its limitations include
1. The interface interaction between the stress 

waves with internal anomalies depends on the 
wavelength and dimensions of the anomaly.

2. Longer contact periods with concrete surface 
may be recorded resulting in lower frequency 
input signal with longer wavelength, due to 
the nature of concrete surface.

3. Assumption of a single velocity for all struc-
tures may generally yield in accurate estimates 
of thickness. As the velocity of propagation 
in a particular structure or structural element 
depends on the elastic modulus, area and 
mass density of that structure or structural 
element.

4. Impulse Response Method: This method 
measures the transient dynamic (impedance) 
response of concrete structures, which similar 
in comparison to impact echo method. The 
dynamic response of the structure is generated 
by a mechanical impulse using a hammer with 
a load cell to generate the wave energy in the 
structure, with a transducer located in the vicin-
ity of impact to monitor the vibrations from the 
impact as a force-time function known as time 
domain.
The impulse response is a function of the mate-
rial properties of a structure and a deviation 
is the bases for identification of anomalies by 
the method. Response of structures may also 
be interpreted or presented in the frequency 
domain.

Applications: Primarily used in the integrity 
evaluation of deep foundations or piles.

Reliability and limitations in application: 
 Reliability or verification of results in con-
tention in this method can be carried out by 
extraction of cores from the structure. A limita-
tion of this method is that it does not provide 
depth or thickness estimates for concrete struc-
tures but relative parameters from which this 
can be inferred. It however measures the quality 
of concrete.

5. Spectral Analysis of Surface Waves (SASW) 
Method: The SASW method involves the 

propagation of transient surface stress pulse in 
a concrete member. Generated by a mechanical 
impact and monitored by two transducers. This 
method basically measures the propagation of 
R-waves due to its ability to produce larger par-
ticle motion amplitudes compared to P and S 
waves. The R-wave propagates entirely in the 
top most layer of a concrete member.
Applications: The SASW method may used to 
determine a variety of properties in a concrete 
structure including the wave speed profiles, stiff-
ness profiles, the method may also be used in 
monitoring the curing of concrete slabs and 
evaluation of thickness and damage and loca-
tion of repairs.

Reliability and limitations in application: This 
method uses the application of surface to evalu-
ate thickness of slabs, pavements etc a limita-
tion to this method is the presence of cracks, 
voids or delaminated area will prevent the accu-
rate estimation of the thickness. The method 
requires contact with the concrete surface, which 
may not always be accessible, or surface may be 
rough or moist which may affect results.

6. Ground Penetrating Radar Method: Also known 
as GPR, uses electromagnetic waves that propa-
gate through concrete structures for testing. 
This electromagnetic waves are sensitive to the 
dielectric and conductivity properties of con-
crete and this forms the basics for identification 
of anomalies and determination of proper-
ties of concrete, as an electromagnetic wave 
which encounters an interface of dissimilar 
dielectric constant part of it energy is reflected 
from the interface and the rest is transmitted 
through. Generally the larger the difference in 
dielectric constant the greater the magnitude of 
reflections. One of the standardized methods 
of performing this test can be found in ASTM 
D4748 (Sadri & Mirkhani, 2009).
Applications: GPR method is capable of detect-
ing delamination, and voids in concrete. It also 
has the potential for monitoring cement hydra-
tion and strength development in concrete. As 
well as identification of position rebar in rein-
forced concrete etc.

Reliability and limitations in application: Sim-
ilar to most methods reliability or validation of 
results can be done by extraction of cores from 
the structures. Plans/as built drawings may 
also be utilized to support the interpretation 
of results. Some of the limiting factors of this 
method include.
1. The difference in contrast between material 

properties to be investigated must be suffi-
cient, as without such contrast the bound-
ary between the materials will not reflect the 
GPR data.
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2. Velocity variations due to material properties 
of a structure may lead to errors in thickness 
evaluations. Since it is generally common 
practice when using this method to assume a 
uniform velocity for a structure.

3. Electrical conductivity is key amongst other 
factors, which cause attenuations of GPR 
signals with materials. As GPR signals in 
conductive materials leads to stray currents, 
which reduce the depth of penetration of 
GPR signal.

5 LIMITATIONS TO THE USE 
OF ONE DIMENSIONAL 
STRESS WAVES THEORY

Some of the limitations to the 1D stress wave prop-
agation theory identified from literature include 
but may not be limited to the following.

1. Attenuation of waves: Attenuation phenom-
enon occurs in concrete structures when tested 
with methods or techniques, which utilize 
stress waves as their fundamental principle. Its 
occurrence happens in a circumstance where 
the wave front moves away from the point of 
impulse and as it moves it becomes larger with 
increase in distance. It may be typical to assume 
no energy is lost in this circumstance but (Amir, 
2009) states that the energy per unit area of the 
front decrease with distance and the rate of this 
decrease typically depends on the shape of the 
wave front. E.g. in spherical wave fronts the 
wave energy changes inversely to the square of 
the distance from the origin. Consequently this 
implies that if  damage, length changes, or thick-
ness changes, occur in a structure at such a point 
where the attenuation effect occurs. The energy 
of the wave may be too weak to produce a quan-
titative reflection owing to attenuation effect 
therefore limiting the ability of 1D stress waves 
in damage, thickness or length predictions.

2. Multi-reflections: Multi-reflections are occur-
rences which results from the oscillation of R 
and S waves along the surface of the concrete 
structures been tested. Which interferes with the 
reflection of the P—wave, rendering the thickness 
or length predictions inaccurate/invalid. Also it 
may occur where there is more than one defect in 
a structure (Chai, Phoon, & Zhang, 2010).

3. Damped and undamped one-dimensional stress 
wave theory: (Warrington, 2013) States that 
D’Alemberts equation that governs the propa-
gation of 1D wave propagation in linear elastic 
media such as concrete assumes and is based on 
undamped conditions. Therefore when condi-
tions become damped inaccurate predictions 
are obtained. (Warrington, 2013) Further sug-

gested that telegrapher’s equation takes into 
consideration damped and undamped con-
ditions therefore providing a more suitable 
explanation for 1D stress wave propagation in 
concrete structure.

4. Noise: Amir (2009) described noise as a nega-
tive influence on physical measurements. Its 
magnitude in relation to signals from low stress 
wave reflections influences the credibility of 
results. Measurements are the means through 
which stress wave technique obtains informa-
tion from structures. Some of the factors which 
cause noise influence during testing include.
1. Presence of surface Rayleigh waves which 

cause osscilations from constant reflections 
and interfer with reflections which cause 
noise which can erronously mask or appear 
as presence of defects.

2. Sharp decrease in cross sectional area of pile 
at the bottom, which creates regular reflec-
tions which are repetitive in character which 
act as medium-frequency noise.

3. Protusions at the concrete surface during test-
ing which break to create noise during impact.

4. Undirected hammer blow impacts may also 
lead to the production of high-frequency 
noise when contact is made with reinforment 
bars.

5. False negatives/false positives: False nega-
tives may be described as a situation where 
a concrete structure is wrongly diagnosed as 
sound while it is damaged or defective while 
false positive may also be described as the vice 
vassal situation of a false negatives (Gordon, 
2004). Arising from improper application and 
or improper interpretation of data. This may 
usually lead to a situation where a damaged 
concrete member is incorporated into a struc-
ture as sound, which affects the performance, 
safety and durability of the structure. Which 
may lead to catastrophic occurrences in terms 
of cost and safety. On the flip side it could 
also be a situation where an undamaged or 
sound member of structure is subjected to 
unnecessary repairs and remedial work lead-
ing to damage induction and high construc-
tion costs.

6 COMBINATION OF STRESS WAVE 
PROPAGATION TECHNIQUES FOR 
IMPROVEMENT IN ASSESSMENT 
OF CONCRETE STRUCTURES

The reliability of most of the stress wave propaga-
tion methods discussed, mainly have been valida-
tion by means of core extraction or a combination 
of two methods to validate a particular parameter 
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being investigated, by comparing the results from 
the two tests. However just comparing results 
from two NDT stress wave methods to validate or 
improve the results may not be enough to improve 
the results as various factors have various effects on 
both methods as described by (Breysse &  Garnier, 
2012). The major methods which users of NDT 
combination techniques use are:

1. Comparison of results obtained by two or more 
methods to confirm measurements and identify 
variations. Examples include ultrasonic, impact 
echo and impulse response for conditional 
assessment of buildings, radar and pulse echo 
for defect detection in slabs, radar and impact 
echo for detection of damage in bridge decks, 
radar and ultrasonic for hydraulic structures.

2. Comparison of results obtained by two or more 
methods to improve and aid interpretation 
of results. This usually needs some method of 
analysis i.e. image analysis, statistical analysis to 
provide confirmations. Examples include radar, 
impact echo and ultrasonic for quality control 
of concrete rail tracks, surface waves and electri-
cal conductivity for detection of cracks of slabs.

3. The utilization of a quick method for rough 
estimates and mapping, and verified by a slow 
method in problematic areas identified by the 
first. Examples include ultrasonic, radar and 
thermography of assessment of corrosion devel-
opment through periodic inspection in slabs.

Although the aim of combining these method 
is to achieve

a. Accuracy of estimation of properties
b. Determine relevance of physical explanations 

and diagnosis
c. Reduce the time to obtain results.

The influences of external and environmental 
factors play a significant role in causing variability, 
which affect the aim of combining techniques. An 
illustration of how external factors influence the 
variability of test results of combining techniques 
is considering a case amongst a other cases can be 
observed from the Figure 1 below which illustrates 
the measurement of capacimetry (permittivity) of 
concrete using radar, ultrasonic, infrared thermog-
raphy and electrical resistivity. The figure below 
illustrates the variation in the three methods with a 
regression curve, which exhibits a parabolic shape.

As result of this variations Breysse and  Garnier 
(2012) have proposed an ambitious but more func-
tional method of combining NDT techniques 
known as the the inversion method which involves 
the combination of two method such that the first 
methods measures or estimates a parameter which 
can be corrected by the second measurement 
value.

An ideal case description of this combining 
technique would be to have a structure with an 
influential parameter (R) which possesses a unique 
relationship with a given NDT parameter value (I) 
therefore I may be expressed as a function of R

I = f(R)

And the inversion will be expressed as R = f−1(I) 
providing the value of the R parameter. However 
the practical application is never as simple. This 
technique helps to achieve better estimations and 
measurements through

1. Ensuring when the first method is sensitive to 
two influential parameters the second is sensi-
tive to one or the two, which enables inversion 
to occur and more functional measurements of 
the parameter.

2. Also ensuring that if  the initial method is sen-
sitive to one influential parameter, but having 
a particular bias factor, measuring a second 
parameter, which is sensitive to that bias, can 
reduce the effect of the bias.

An example of this combining technique, which 
has been used, is called the “SonReb” which com-
bines the use of rebound number to provide the 
initial assessment of concrete strength, which is 
corrected with ultrasonic pulse velocity.

This inversion method is termed ambitious due 
to its difficulty in feasibility during practical appli-
cations as well as possessing its own limitations. 
But it remains a more functional approach to the 
application of combining techniques.

7 FUTURE TRENDS

Future trends incorporated or which can be incor-
porated into the applications of stress wave propa-
gation methods to reduce/eliminate limitations and 
produce effective and quantitative results include.

Figure 1. Variation in combining technique with regres-
sion curve (RILEM, 2012).
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1. Scanning technique: A significant number of 
non-destructive testing methods are beginning 
to incorporate scanning mechanisms in to their 
principles and technological set-up. Stress wave 
propagation methods also incorporating scan-
ning mechanism in to their set-up this saves 
time and produces more accurate data about 
the status of an entire p structure as opposed to 
data from a localized points in structures.

2. 3D tomographic testing: This uses the applica-
tion of stress waves with Synthetic Aperture 
Focusing Technique (SAFT) to build 3D visu-
alizations of the geometry of the concrete struc-
ture in contention to show internal disturbances. 
Particularly 3D tomographic testing uses typi-
cal stress wave testing method such pulse echo, 
ultrasonic pulse etc with imaging reconstruction 
software capable of producing images such as 
those obtained from medical radiology profes-
sion using Magnetic Resonance Imaging (MRI) 
techniques. Although due to the heterogeneous 
nature of concrete this is not a straight forward 
process, therefore a combination of images from 
various data points to reconstruct an image the 
depicts the concrete internal microstructure by 
using spatial averaging of a large number of 
single measurements per unit area under test-
ing with an array of low frequency, short pulse 
transducer and a mathematical algorithm that 
uses 3D SAFT (Michaux & Grill, 2014).

3. Wave Modeling: Modeling of waves propaga-
tion increases the understanding regarding the 
behaviour of wave propagation in a heteroge-
neous material like concrete and prediction of 
possible characteristics of anomalies in practi-
cal applications.

8 CONCLUSIONS

The continuous advancement in technology 
prompts a continuous improvement in the use of 
stress wave propagation methods in concrete struc-
tures for conditional assessment of concrete 
structures. The techniques described present quick, 
efficient and reliable methods for conditional 
assessment of concrete structures without causing 
damage to structures.
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ABSTRACT: Concrete being a major construction material of the 20th century, more and more build-
ings and structures are listed as historical. This cultural heritage, even if  it could appear “young” with 
respect to more ancient constructions such as medieval or antic monuments, is decaying, partly due to 
incipient construction technology knowledge and partly to environmental aggressive conditions. To try to 
cope with this problematic, a European project named REDMONEST, gathering 3 countries (Belgium, 
France and Spain), was launched in 2014, through the European JPI-CH platform. Within this project, 
3 research axes will be addressed: inventory, diagnosis and conservation treatments of concrete cultural 
heritage. One of the first steps of the project was to carry out a survey to make a precise inventory and 
to evaluate the state of decay of these monuments. In this paper the results obtained in France will be 
presented, showing a considerable amount of structures, with a great variety of construction periods and 
building uses (apartments, churches, industries …). Data on their main pathologies and current state of 
conservation will be discussed. Finally, potential diagnosis tools and conservation strategies will be put 
into perspective.

will be evaluated on emblematic demonstration 
sites in each of the 3 countries partners.

In this paper, the data collected concerning the 
French listed cultural heritage will be first pre-
sented. Then outlooks dealing with diagnosis and 
conservation strategies will be discussed.

2 FRENCH MONUMENTS MADE 
OF CONCRETE OR CONTAINING 
CONCRETE

2.1 Survey: scope and protocol

The aims of the survey were to identify national 
and international classification criteria (Jamiot 
et al., 2003), but also to make an inventory of the 
listed constructions partly or completely made of 
concrete, with when possible information on their 
state of conservation.

Two steps were considered. First the existing 
national and international databases and bibliog-
raphies (Toulier, 1997) were explored. Then a set 
of multilingual forms was elaborated in order to 
collect more data especially on specific decays. 
In France, these forms were sent to a panel of 
169 architects, conservators and curators work-
ing in the field of cultural heritage. Two hundred 

1 INTRODUCTION

Concrete is the most used building material in the 
world today. Due to its performances and ability 
to be cast, but also to the vast panel of color and 
textures it can provide, concrete has stimulated 
architectural innovation and creativity. Therefore, 
numerous countries are now considering concrete 
architecture as cultural heritage. Nevertheless, this 
architecture is decaying, due to a combination 
of lack of knowledge of concrete construction 
technology for the most ancient monuments, and 
environmental aggressive conditions. But only 
few specific research and developments were 
dedicated to decays, diagnosis and restoration or 
conservation of ancient concretes, as concrete con-
struction is often considered as short-life construc-
tion, renewable, and rarely as heritage.

The purpose of the REDMONEST project, sup-
ported by the European JPI-CH platform was first 
to establish a “snapshot” of the concrete cultural 
heritage listed in the 3 countries partners (Belgium, 
France and Spain), in terms of architecture typol-
ogies and pathologies. The second step will be to 
test or develop diagnosis tools and warning sen-
sors adapted to monitor the previously identified 
pathologies. Finally some conservation treatments 
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forms were returned and a dedicated database was 
built. The national averages presented in this paper 
are the result of the compilation of the regional 
data collected.

2.2 Global amount of listed monuments

The first results of the survey performed in France, 
evidenced a strong policy of protection of build-
ings and structures partly or completely made of 
concrete, introduced in the 1990ies (Fig. 1), leading 
to an increase of the amount of listed monuments 
from 41 in 1970 to 816 in 2015.

2.3 Period of construction

Most of the listed monuments (58%) were erected 
between the 2 world wars (Fig. 2).

2.4 Typologies 

Twelve typologies of monuments were identi-
fied, with a predominance of domestic or sacred 
architecture (Fig. 3). Thus 60% of the list consists 

in: 150 houses or villas; 50 collective buildings; 
150 churches, chapels, cathedrals; 25 theaters, 
movie theaters, museums; 25 hotels and casinos; 
12 train-stations; 33 schools, high schools and uni-
versities; 33 blockhouses.

2.5 Environmental context

A majority of the monuments are located in urban 
and suburban environments (51%), when only 
14% are siting in seaside environment, 8% being 
submitted both to urban and seaside environment 
(Fig. 4).

3 STATE OF CONSERVATION 
AND MAIN PATHOLOGIES

3.1 State of conservation

Based on 175 answers to a questionnaire submit-
ted to architects and curators in charge of this cul-
tural heritage in France, more than 60% of these 

Figure 1. Increasing amount of monument completely 
or partially made of concrete listed in France.

Figure 2. Periods of construction of the French listed 
monuments made of concrete.

Figure 3. Typologies of monuments made of concrete 
identified in France.

Figure 4. Environmental context of the French listed 
monuments made of concrete.

ICCRRR15_Fullpaper_Book.indb   344ICCRRR15_Fullpaper_Book.indb   344 8/27/2015   9:12:12 AM8/27/2015   9:12:12 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-49&iName=master.img-000.jpg&w=189&h=134
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-49&iName=master.img-001.jpg&w=189&h=113
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-49&iName=master.img-002.jpg&w=189&h=142
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-49&iName=master.img-003.jpg&w=189&h=112


345

monuments are in a good or in a satisfactory sate 
of conservation, but 20% are considerably dam-
aged or endangered (Fig. 5).

A finer analysis of the answers reveals that 
façades, structures and roofs are the parts of 
the monuments the most affected by damages 
(Fig. 6).

3.2 Main pathologies

Two types of decays were identified on the ancient 
concrete monuments examined: superficial ones 
and deeper degradations.

Considering the superficial degradations, 
3 forms emerged: superficial sulfate reaction com-
bined with black dirt deposits; biological covering; 
and erosion and lixiviation (Marie-Victoire et al., 
1996; Marie-Victoire et al., 2010).

The deeper degradations were mainly due to 
carbonation induced corrosion.

3.2.1 Superficial sulfate reaction 
and black dirt deposits

As most of the monuments are located in urban 
environment, without surprise, in clear correla-
tion with urban pollution (heating oil, automobile 

exhaust emissions …), they are affected by black 
dirt deposits. The thickness of these deposits can 
vary from less than one millimeter to real black 
crusts of more than one centimeter (Figs. 7–8), 
with a typical bubon-shaped surface, evidenced by 
binocular observations (Fig. 9). Even if  superficial, 
the back dirt deposits can damage the readability 
of a façade and in a more evident way the legibility 
of a sculpture (Fig. 10).

In addition, the analysis of some black crusts 
evidenced the presence of soot deposits (Fig. 11), 
embedded in a gypsum mat (Fig. 12). Sulfates 
concentration profiles performed on several monu-
ments located in urban environments revealed 
that this sulfate pollution is not only superficial, 
as it can affect significantly (concentrations by 
weight of cement higher than the 4% threshold 

Figure 5. State of conservation of the French listed 
monuments made of concrete. General evaluation.

Figure 6. State of conservation of the French listed 
monuments made of concrete. Detailed evaluation.

Figure 7. Example of black dirt deposits with different 
morphologies and thickness. Left picture: Saint-Joseph 
Church (Le Havre, 1951–1957). Right picture: Le Signal 
(Le Havre, 1959–1960).

Figure 8. Example of Black crust collected on Saint-
Jean de Montmartre church, (Paris, 1894–1904). Locally 
its thickness exceeds 1 cm.
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Figure 9. Binocular view of a black crust collected on 
a Saint-Jean de Montmartre church, (Paris, 1894–1904), 
revealing a typical bubon-shaped surface.

Figure 10. High relief  made of concrete from Palais 
de Chaillot (Paris, 1934–1937). Black dirt deposits are 
affecting the sculpture legibility.

Figure 11. SEM view of a black crust evidencing the 
presence of a round-shaped soot (G = X500).

Figure 12. SEM view of a black crust evidencing the 
presence of a gypsum mat (G = X500).

Figure 13. Dense biological covering affecting the façades 
of the ATM towers (Ivry-sur-Seine, 1963–1967). The bio-
logical covering is mainly composed of algae and lichens.

recommended by the EN 197-1 standard) the con-
crete on thicknesses higher than one centimeter.

3.2.2 Biological covering
The second type of superficial alteration consists 
in biological covering. From a light veil of algae 
to the growth of mosses, it can vary in species 
and intensity, lichens being the most common 
(Figs. 13–14).

As black dirt deposits; biological covering can 
clearly affect the readability of an architecture, 
as shown on the left picture of Figure 15, a veil 
of green algae covering a large part of the north 
façade; or of a sculpture (Fig. 15, left picture) as 
evidences the yellow lichen growing on the top of 
a sculpture on the right picture of Figure 15. But 
the problem is not only aesthetical. Thus SEM 
observations of a cross section perpendicular to 
the surface of a monument covered with lichens 
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evidenced the impact of roots growth in superficial 
loss of cohesion (Fig. 16, Bouichou et al., 2010).

Finally, biological covering is clearly favored 
by the surface roughness and the porosity of the 
concrete.

3.2.3 Erosion and lixiviation
The third superficial decay mechanism observed 
on historic concrete is erosion, often associated 
to lixiviation. This combined action of wind and 
more or less acidic rain results in the loss of the 
superficial skin of the concrete, revealing the aggre-
gates on smooth surfaces (Fig. 17) and increasing 
the loosening of the aggregates on rough ones.

Either in the case of architectural concrete cast 
in wooden panels, or in the case of sculptures, this 
skin erosion can lead to the loss of original details 
(Fig. 18).

Figure 14. Dense biological covering observed on the 
Jeanne Hachette center (Ivry-sur-Seine, 1970–1972). 
Locally some thick blooming mosses were growing.

Figure 15. Examples of biological covering affecting 
the readability of an architecture or of a sculpture. Left 
picture: Saint-Nicaise church (Rouen, 1934–1937) cov-
ered with green algae. Right picture: Sculpture of Robert 
Tatin’s Museum (Cossé le Vivien, 1962–1983), covered 
with a thick biological deposit; and especially with yel-
lowish lichens affecting the legibility of the sculpture.

Figure 16. SEM view of a cross section perpendicular to 
the concrete surface, sampled on Jeanne Hachette center 
(Ivry-sur-Seine, 1970–1972). The growth of the roots of a 
lichen clearly contributed to the aggregate fracture.

Figure 17. Wall of the city of Grenoble (end of 19th 
century). The erosion and lixiviation phenomena revealed 
the presence of aggregates and therefore evidenced that 
it was not cut stone, but fake stones made of natural-
 cement-based concrete.

Figure 18. Monumental head sculpted in a concrete 
block by Carlo Sarabezolles for the bell tower of Notre-
Dame des Missions church (Epinay-sur-Seine, 1932). Left 
picture: view of 1933. Right picture: view of 2009 evidenc-
ing a loss of sculpted details due to erosion/lixiviation.
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3.2.4 Carbonation induced corrosion
Now the most frequent decay mechanism encoun-
tered on historic concrete is obviously carbonation 
induced corrosion (Neff et al. 2007).

Carbonation is an ineluctable chemical reac-
tion that occurs between some hydrates (portlan-
dite, calcium-silicate-hydrated …) of the cement 
paste and atmospheric carbon dioxide (Marie-
Victoire et al., 2006; Thiéry, 2006). This reaction 
induces the transformation of Portlandite into 
Calcite (Fig. 19), which leads to a decrease of pH 
of the concrete from initial values of 12–14, to val-
ues lower than 9. It means that if  the concrete was 
initially protective for steel rebars, when carbon-
ated it becomes potentially corrosive, depending 
on the availability of enough oxygen and water.

The decays begin to occur when the carbonation 
reaches the rebars level. At that point the age of 
the concrete is of importance, for several reasons:

– First the most ancient concretes are often also 
the more porous (as superplasticizers were not 
common), which eases the penetration of car-
bon dioxide,

– Secondly, the concrete construction knowhow 
was not always mastered. Thus it is usual to 
encounter low concrete cover, honeycombing, 
or cement leakage. Theses construction defects 
clearly facilitate both the progression of carbon-
ation and the consequent corrosion process,

– Thirdly, the type of cement is critical. Effectively 
the survey has demonstrated that a majority of 
monument were built between the two world 
wars. For a lot of them, slag cements which are 
easier to carbonate as they contain less Portlan-
dite, were employed.

– Fourthly, the survey evidenced that a majority of 
the French monuments are located in urban envi-
ronment, where the levels of carbon dioxide in the 

atmosphere are often higher than in rural areas, 
which again favors the carbonation reaction.

– Finally the period of contact between concrete 
and carbon dioxide is of course higher for the 
most ancient monuments.

As a consequence considerable depths of car-
bonation were measured on ancient concretes 
(Fig. 20). Thus several monuments exhibited total 

Figure 19. SEM view showing the on-going carbona-
tion of portlandite crystals (right photo. G = x1100). 
ONERA wind tunnel (Meudon, 1932–1934).

Figure 20. Maison du Brésil located in the vicinity of 
the Parisian beltway (Paris, 1957–1959). Phenolphthalein 
test on a core indicating a 4 cm carbonation depth.

Figure 21. Wind tunnel erected between 1932 and 1934 
to test aerodynamic performances of big size models 
(Meudon, 1932–1934). Due to the wind tunnel activity the 
concrete walls were carbonated on their entire thickness. In 
this monument, impressive corrosion facies were observed.
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carbonation on the entire depth of walls, which 
means a carbonation depth up to 10 cm and some-
times even higher (Marie-Victoire et al., 2006; 
Hergenroeder, 2003).

But carbonation is only a problem in reinforced 
concrete. Thus artificial stones from the end of the 
19th century, which are not reinforced, are often 
very well preserved, except a superficial erosion 
phenomenon (Fig. 17).

When the carbonated concrete is reinforced, gen-
eralized corrosion can take place leading to expan-
sive corrosion products formation (Neff et al., 
2007) and consequently to spalling (Fig. 21).

This carbonation induced corrosion phenom-
enon, as a consequence, can lead to important 
loss of original material, which is problematic in 
the field of cultural heritage. The two examples 
presented in Figure 22 show that when reinforced 
concrete artwork are concerned, their legibility can 
be strongly impacted.

4 OUTLOOKS: DIAGNOSIS AND 
CONSERVATION STRATEGIES

The first part of the survey of the Redmonest 
project, dedicated to an inventory, revealed that 
hundreds of reinforced concrete monuments are 
listed in France. Due to the French policy of protec-
tion of 20th century cultural heritage this amount 
is increasing every day. The preliminary results of 
the Belgian and Spanish surveys, also indicate that 
a noticeable amount of concrete construction tend 
to be listed.

A second part of the survey, not developed in 
this paper, was dedicated to evaluate the needs of 
the persons in charge of the maintenance of this 

atypical cultural heritage in terms of information 
and training. The first results indicate that they are 
expecting information about concrete pathologies 
and conservation/restoration treatment in order to 
establish maintenance strategies.

There is therefore a real need of research in 
order to better understand the specific decays of 
this new cultural heritage, but also to determine 
how to monitor this decays and finally to develop 
tailored restoration and conservation solutions.

As the most common, but also the most del-
eterious source of decay identified on reinforced 
concrete French cultural heritage was carbonation 
induced corrosion, the next steps of the project will 
targeted on this specific pathology.

Thus, the second step will be dedicated to corro-
sion and conditions leading to corrosion (presence 
of water …) on site diagnosis. Two types of tools 
will be considered: embedded sensors (humidity, 
corrosion …) and non-destructive monitoring 
systems either usual as the electrochemical panel 
of devices (Andrade, 2001), traditionally used for 
concrete diagnosis (potential and resistivity map-
ping, polarization resistance measurements), or 
newly developed (evanescent-field-dielectrometry-
based moisture monitoring (Olmi, 2006) …).

The last step of the project will focus on con-
servation treatments orientated on corrosion prob-
lematics. Hence water-repellent treatments will 
be tested on several iconic monuments spread in 
France, Belgium and Spain. In parallel, a PhD 
study has started in Belgium, in the University of 
Liège, to test in controlled laboratory condition 
the performances of several families of hydropho-
bic treatments when applied to delay corrosion in 
reinforced concrete (Courard, 2014).

5 CONCLUSION

The survey performed as preliminary step of the 
European Redmonest project evidenced that con-
crete is now making part of the cultural landscape, 
as it is encountered in quite an amount of monu-
ments listed either in France, Belgium or Spain.

This first series of results concerning the main 
pathologies observed on ancient concrete, targeted 
the next steps of the project to diagnosis and con-
servation strategies focusing on rebars corrosion 
evaluation and treatment.
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ABSTRACT: Conservation of historic concrete is a growing field. Although several aspects overlap 
with concrete repair, differences in their aims and properties of modern and historic concrete require 
different approaches. On an academic and governmental level, these additional requirements have been 
acknowledged. Iconic concrete structures received much attention during their conservation. Parallel, 
several less known historic concrete buildings have been repaired with less support for research and execu-
tion of the works. In many cases, works were carried out by repair companies directly without advice from 
independent surveyors. These projects gave indication that more support is needed in practice, stressing 
the need for surveys, explaining the aspects of concrete conservation, and how to identify a suitable 
concrete conservation company. Therefore, a new guideline for concrete conservation is being developed 
in the Netherlands. In this paper, the background of the guideline, its aims and scope, but also obstacles 
during its development are described.

evaluate the state-of-conservation of the historic 
concrete, the proposed intervention and the neces-
sity of pre-investigations. Even if  an independent 
survey with repair advices exists, it is for laymen 
difficult to evaluate an alternative proposal offered 
by a repair company.

1 INTRODUCTION

In recent years, concrete conservation has been 
emerging as an own discipline from concrete 
repair. The relationship between the two fields is 
still strong, as they use similar approaches, tech-
niques and repair materials. Yet what differs is on 
the one hand the diverging aims of concrete con-
servation and repair, and on the other hand the 
properties of historic concrete (Heinemann, 2013). 
However, many of these demands are discussed on 
an academic or governmental level, and have not 
yet been disseminated sufficiently to practitioners 
or owners.

In the meantime, many historic concrete buildings 
have been repaired in the Netherlands. The success 
of the interventions varies. Some show premature 
failure of repairs as the properties of the historic 
concrete were not fully understood (Heinemann 
et al. 2008, Fig. 1), others involve a large scale 
removal of historic material (Heinemann, 2013, 
Fig. 2), others received wide international recogni-
tion (Backer, et al., 2005, Fig. 3).

Influencing factors are for example the condi-
tion of the historic structure, the experience with 
historic concrete of the involved parties, avail-
ability of independent surveys, and last not least 
the chosen repair approach. Noteworthy is that 
in Dutch practice, condition assessments are not 
always carried out prior to repair, and decisions on 
repair strategies are often made by concrete repair 
companies. Owners have thereby difficulties to 

Figure 1. Premature failure of a crack repair due to 
thermal movement of plain concrete (Fort Bezuiden 
Spaarndam, part of the Defense Line of Amsterdam, 
1897–1901, UNESCO World heritage site, intervention 
1998, situation 2006).
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As a reaction towards the increasing number 
of concrete conservation projects and to improve 
their quality, a guideline for the conservation of 
concrete is currently being developed: the URL 
4005 Conservation of historic concrete. Initially, this 
guideline was supposed to come into effect in the 
Netherlands by January 2015. Due to unexpected 
obstacles and the recentness of the field, requiring 

more attention, its release is delayed. In this paper, 
the background, aims, and obstacles of developing 
such a guideline are discussed.

2 THE DUTCH UITVOERINGSRICHTLIJN 
(URL, GUIDELINE)

A uitvoeringsrichtlijn (URL) is a Dutch guideline 
which defines construction works. For restoration 
works for monuments separate URLs exist. These 
are managed by a Dutch foundation for the quality 
of heritage care, the Stichting Erkende Restaura-
tiekwaliteit Monumentenzorg (ERM).

URLs are drafted by an expert committee 
including practitioners, government agencies, 
material suppliers, surveyors and architects. Until 
now, URLs exist for traditionally used materials in 
historic buildings, such as brick, timber or thatched 
roofs (ERM 2014a, 2014b, 2014b). To follow these 
guidelines can be a requirement to receive subsi-
dies for maintenance works of monuments.

In these guidelines the additional requirements 
for assessment, conservation aims, execution of 
repairs, properties of repair materials and intended 
outcome are described. Contrary to normal repair 
guidelines, the cultural heritage values and different 
types of historic material are explicitly addressed. 
For the URL for historic concrete, the synergies 
between historic research and material investiga-
tion are endorsed in order to develop suitable con-
servation strategies. But also practical aspects such 
as trial repairs, and methods and degree of con-
crete removal are considered.

Although many of these aspects seem self-
 evident, in practice they are often neglected due to 
ignorance, or limited time and financial budgets. 
With the guideline, it is expected that the quality 
of concrete conservation will improve as the addi-
tional demands are outlined and stakeholders sup-
ported to define suitable conservation strategies.

3 CONCRETE CONSERVATION PRACTICE

3.1 Definition of historic concrete

Concrete was (re-)introduced as a building material 
in many European countries in the middle of the 
19th century. Initial areas of application of plain 
concrete were military and hydraulic structures. 
The breakthrough of reinforced concrete was in 
the 1870s. At the beginning of the 20th century, 
reinforced concrete became widely accepted for 
civil structures. With the advances in production, 
concrete technology and architectural exploration, 
concrete established itself  as a universally applica-
ble material in the late 1930s (for example Fig. 4). 
After the Second World War, reinforced concrete 

Figure 2. Large-scale removal of historic concrete 
during repair (circumambulation passageway Pilgrim-
age church, Brielle, H. Goossens (reconstruction), 
E.J. Margy, 1912).

Figure 3. Example of an architectural icon from the 
modern movement (Van Nelle factory, J.A. Brinkman 
and L.C. van der Vlugt, 1926–1931, situation 2008).
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had become a main building material (Heinemann, 
2013).

In order to decide whether the URL is applica-
ble or not, it has to be defined whether the concrete 
in question can be considered as historic. This 
determination is influenced by several parameters. 
A pragmatic solution is to link the term with the 
status of the concrete structure, for example when 
a building is listed and concrete dates from the 
original construction period, we tend to consider 
it as historic.

As a building has to be at least 50 years old to be 
listed as a national monument in the Netherlands, 
such an approach can be rather arbitrary from a 
material point of view, as it does not considered 
construction history and the differences of his-
toric concretes. It is not differentiated whether a 
concrete is comparable to modern concrete, or 
reflecting previous, maybe even archaic steps, in 
the development of concrete.

For example, a 1960s structures might be made 
with a ground granulated blast furnace slag cement, 
normal aggregates (gravel, sand), the mix design 
based on a w/c factor, and the reinforcement in form 
of a mesh. In principle the concrete is comparable 

to modern concrete. A pre-stressed concrete struc-
ture dating from the same period however might 
be one of the first of a new structural principle. 
Here, we could encounter the effects of trial-and-
error, searching for better details. From a material 
history point of view, the latter case might be of a 
higher value.

Limiting the definition to specific period/age 
would exclude many technical novelties from the 
1960s onwards. On the other hand, it would be too 
exhaustive, as it would cover aged concrete struc-
tures which are not considered of historical value, 
for example most of our infrastructure which was 
built prior to the 1970s.

Concluding, historic cannot be used as a syno-
nym for being listed as a monument or associated 
with a minimum age. Instead, the historical con-
text has to be considered (e.g., construction time, 
former concrete technology) and the heritage val-
ues attributed to the concrete in question.

This requires an understanding of the construc-
tion history of concrete, including the evolution of 

Figure 4. Prefab column made with coloured concrete 
and specially chosen aggregates, now showing cracks 
and leaching, indicating ASR (Giraffe compound, Zoo 
 Blijdorp, Rotterdam, S. van Ravesteyn, 1940). Figure 5. Several railway station built during the 

post—war reconstruction period were made with pre-fab 
concrete elements, other which special aggregates and 
surface finishes (for example railway station Enschede, 
H.G.J. Schelling, 1950).
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concrete technology, material development, archi-
tectural and structural application, and historic 
and geographical context. Thereafter, the historic 
concrete can then be evaluated whether it is also of 
historic significance and hence valuable.

For example, early concrete buildings are often 
listed for their pioneering characters, and the 
material of a high value. The construction of many 
architectural icons of the Modernist Movement 
relied on the achievements of civil engineers and 
concrete technologists of the previous decades. 
Here, the material properties might be of less his-
toric interest, and more the structural design and 
impact on the spacious feeling appreciated. For 
the Post-war period, the high professional level of 
concrete design and pre-fab construction allowed 
a quick reconstruction, whilst exploring the pos-
sibilities of mass production.

3.2 Properties of historic concrete

Whereas heritage values are an interpretation of 
the historic structure by a society, the properties 
of historic concrete can be measured objectively. 
Due to the changes in constituents used, mix 
design, application, and underlying standards, 
the properties of historic concrete are manifold. 
Factors are, amongst others, the sophistication 
of concrete technology and production, insight 
into concrete durability and fields of application. 
Material aspects are hereby amongst others the 
variations in thickness of the concrete cover, the 
porosity, vulnerability to freeze-thaw damage and 
the use of deleterious constituents. The properties 
of historic concrete are also influenced by its age 
and accompanied material changes, degradation, 
repairs, neglect or changes to the structure itself.

3.3 Possible conservation aims

Its varying roles during history are reflected in 
the reasoning why a historic concrete building is 
listed as monument. In the Netherlands, follow-
ing categories of values are applicable for listing 
buildings (Ministerie voor Onderwijs Cultuur en 
Wetenschap, 2011; RDMZ, 1991):

– Aesthetical values
– Scientific significance
– Cultural-historical value
– Uniqueness
– Integrity and recognisability
– Values of building groups
– Architectural historical values.

Conservation should aim to preserve the char-
acteristics and materials of the historic building 
which represent these values. In case of aestheti-
cal values, this is very often linked to the façade 

of a building, and the colour and texture of the 
 concrete. For the scientific significance or cultural-
historical values, this can also mean that a very 
early reinforcement system can be of high value.

Following international conservation charters 
(e.g. ICOMOS, 1964), conservation aims to pre-
serve the original structure (and material) in its cur-
rent state. Modifications, (partial) replacements, 
or restoration, are considered less desirable. A total 
reconstruction of elements or an entire building is 
generally seen as objectionable and could lead to 
an unlisting of a monument.

The URL ERM 400 for criteria for the evalu-
ation of maintenance and conservation of monu-
ments (ERM, 2013) reflects this philosophy in its 
hierarchy of different options in its so-called “con-
servation ladder” (Table 1).

Together with case specific heritage values and 
material properties, the boundary conditions can 
vary strongly per conservation project and result 
in diverging conservation aims despite similar 
origin of material properties and encountered 
degradation.

3.4 Concrete conservation practice

The aforementioned aspects are mainly discussed 
on a political, management and academic level. In 
conservation practice, additional obstacles exist 
originating in the recentness of the field. Whereas 
for iconic conservation projects (e.g. Meurs & van 
Thoor, 2011; Backer, et al., 2005) conservation aims 
and possible conservation strategies are discussed 
by several stakeholders, decisions based on reports 
and trials, the conservation of most historic con-
crete buildings is less publicly monitored.

No generally accepted standards exist which 
clarify when to speak of concrete repair or of 
concrete conservation. Instead, higher aesthetical 
demands are often considered as the main aspects 
of concrete conservation. That such practice nei-
ther reflects the principles nor the complexity 
of historic concrete conservation and concrete 
repair has been addressed previously (Heinemann, 
2013).

Whereas the definition of concrete conserva-
tion is one aspect of discussion, the conservation 

Table 1. “Conservation ladder” 
according to URL ERM 400.

1.  Conservation/maintenance
2.  Repair
3.  Renewal

a. Copy
b. Imitation
c. Improvement
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process itself  is neither clarified. In practice, it is 
not required to carry out a technical survey of a 
historic structure prior to repair. Due to the new-
ness of the topic, not all controlling authorities 
or architects coordinating conservation work are 
always sufficiently trained to evaluate the suit-
ability of a proposed intervention. The owner can 
directly contract a company of choice to carry out 
the supposedly necessary repair works, assum-
ing that the company is sufficiently competent 
to choose an appropriate repair technique. The 
choice of a repair technique can be biased, influ-
enced by the preference and specialisation of the 
repair company. In addition, no certificates and 
standards exist to identify concrete repair compa-
nies specialised in concrete conservation.

For concrete repair companies the lack of inde-
pendent technical surveys is not always welcomed. 
Yet due to financial and time pressure, and com-
petition, they cannot always insist on technical 
surveys. As a consequence, the quality of the res-
toration works and the preservation of historic rel-
evant material can be at stake.

Whether the above mentioned approach is a the-
oretical or incidental problem cannot be answered 
yet satisfactorily. A comprehensive overview of 
the long-term performance of repairs of historic 
concrete, such as previously done for normal 
repair works (Tilly & Jacobs, 2007) does not exist. 
Isolated case studies (Heinemann, 2013) identified 
several weak links in the conservation process, such 
as wrong diagnosis, lack of knowledge, or postpon-
ing interventions. These factors can lead to the use 
of incompatible repair techniques or unnecessary 
loss of historic material.

A cause is the little synergy between the field of 
concrete repair and construction history. By bet-
ter understanding the peculiarities of historic con-
crete, former state-of-the-art and the consequences 
for durability, investigations could be better tar-
geted and the suitability of repair techniques bet-
ter evaluated.

4 DEVELOPMENT OF THE URL FOR 
CONCRETE CONSERVATION

The demand for more support for the execution 
of concrete conservation had been recognised by 
all parties involved in the conservation process. In 
2013 it was decided to develop a URL especially 
for historic concrete. Aims were to distinguish the 
more challenging concrete conservation from nor-
mal concrete repair, and enhance the quality of 
concrete conservation.

The committee for the development of the 
URL, were the author makes part of, was chosen 
based on their experience with the conservation of 

historic concrete and/or development of URLs. 
The committee consists of architects, concrete 
repair companies, surveyors, academics, and repre-
sentatives of the Dutch Cultural Heritage Agency.

As a starting point, the problems and wishes 
known from practice were outlined. One finding 
was that many aspects related to technical sur-
veys, such as the need of a damage assessment and 
choice of a compatible repair strategy, are only 
discussed during the contracting phase with the 
concrete repair company, and not in a previous 
planning phase. Therefore, the URL should stress 
the need and benefits of carrying out a technical 
survey by an independent party prior to the repair 
works.

Planners required more legal support when devi-
ating from normal concrete repair standards and 
certified repair materials. They were not covered by 
common practice despite knowing the advantages 
of their custom-made solutions. Discussions arose 
whether a overview of possible repair mortars and 
their mix design for some historic concretes was 
helpful or not, as these could be misunderstood 
as universally applicable for historic concrete. On 
the other hand, they could give guidance by show-
ing previous best practice. As a spin-off  a database 
should be created to show under which conditions 
which repair technique performed well. Further-
more, objective criteria were needed to compare 
and evaluate possible techniques. In this context, 
the URL should demand to carry out trial-repairs.

Other practical difficulties were the narrow 
mindset of what people considered as concrete 
conservation, namely mainly repairs with higher 
aesthetical demands or repairs of very poor 
concretes. A better discussion of possible conser-
vation demands and suitable repair strategies was 
wished for. Fundamental knowledge gaps on con-
crete durability and historic concrete by the parties 
involved in concrete conservation were observed 
likewise.

The range of topics and problems reflected that 
more structure and guidance is needed in the entire 
process of concrete conservation, starting from 
correct and in-depth historical and technical sur-
veys, the importance of mock-ups, and to criteria 
to evaluate the durability of a proposed conserva-
tion technique. The challenge for the URL is now 
to focus of what it can cover, and which topics 
need other tools to increase the quality of concrete 
conservation.

4.1 Scope of the URL

A main challenge of the development of a guideline 
is to clearly determine and follow its goal. As many 
aspects of concrete conservation are still under 
development, the temptation exists to integrate all 
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demands in one document. Especially as currently 
no other tools are being developed which could 
address related problems.

The initial aim of the URL was to offer guid-
ance regarding the preparation and execution of 
historic concrete conservation works. The expecta-
tion is to increase the level of proficiency of con-
crete repair companies and the quality of concrete 
conservation works.

The URL will cover the most common repair 
techniques, such as patch repair, sprayed concrete, 
and injection, application of coatings and surface 
treatments, and special techniques such as cathodic 
protection. A neutral consideration of common 
and less common techniques for concrete conser-
vation was considered relevant. The choice should 
be case-based, depending on the underlying dam-
age cause, the properties of the concrete and con-
servation aim.

Within the field of concrete conservation, a pref-
erence for patch repairs can be observed. Coatings 
are sometimes disliked for their visual impact, and 
the suitability of electrochemical techniques is 
sometimes doubted due to the configuration of the 
reinforcement. In addition, electrochemical repair 
techniques require planning by experts, and the 
underlying principles of these techniques are not 
always known by non-repair experts.

As the underlying degradation mechanisms 
and technical principles of repair are the same for 
normal and historic concrete, standards for repair 
are commonly applied in conservation practice. 
As they reflect years of practice, using them con-
sciously for conservation is justifiable.

In the URL for the conservation of historic con-
crete, reference will be made to existing standards 
for concrete repair, such as the NEN-EN 1504:2004 
(2004), and its Dutch supplements for concrete 
repair, injection and cathodic protection (CUR rec-
ommendation 45, 1996, CUR recommendation 56, 
1997; CUR recommendation 117, in press).

Awareness of the situations when concrete repair 
standards do not apply is, however, necessary. The 
reason can be very fundamental, such as emphasis-
ing to preserve cultural-historical values instead of 
maintaining the functionality of a structure. More 
detailed questions are the application of alterna-
tive repair mortars compatible with historic con-
cretes such as lime-trass cement with broken bricks 
as aggregates.

The chapters of the draft of the URL include 
inspection and consultancy in one part, and the 
execution of the works in another part. These will 
be outlined in the following sections.

4.1.1 Inspection and consultancy
In the URL, two types of surveys are 
addressed, namely technical and (construction) 

historical surveys. The first is commonly carried 
out after incidents or during normal periodic 
inspections. The later is usually written in order to 
list a building or to evaluate its heritage value.

Normally, historical reports of concrete build-
ings focus on the architect and the underlying rein-
forcement system (e.g. Monier or Hennebique), 
and material historical aspects are not addressed. 
The demands for construction historical research 
as outlined in the URL go further than the stand-
ard historical reports, as the clearly demand infor-
mation on the type of concrete (e.g. plain concrete, 
decorative concrete), the properties of the concrete 
surface, the colour and how it was achieved (e.g. 
pigments, grounded stone), the composition of the 
concrete (e.g. binder, type of aggregates) and the 
type of reinforcement (e.g. type of ferrous metal, 
geometry, reinforcement system).

The demands towards technical inspections are 
similar to those of normal technical surveys of 
concrete, besides that the surveyor should have 
knowledge of historic concrete and affinity for 
conservation.

An advice for conservation should be based 
on both, the technical and historical survey. The 
potential of combining these two reports is not 
commonly used. By doing so the conservation aim 
can be better translated into technical demands, 
for example a maximal degree of concrete removal 
due to importance of the original concrete, bal-
ancing the technical minimum requirements and 
preservation of original material. By explaining 
the choice of a repair strategy and importance of 
the concrete, the alertness during the repair could 
increase. Together, these steps should lead to a 
clear description of the works.

4.1.2 Execution of works
The URL describes the quality of the works and 
the qualifications of the contractor. Besides com-
mon Dutch certificates for concrete repair for both 
the middle and higher management, they have to 
have experience with the conservation of historic 
concrete. As no certificates exist especially for 
concrete conservation, this is done by means of a 
portfolio.

The execution of the works should consider nor-
mal aspects of concrete repair, such as the safety 
of the structure during repair. Additional demands 
are for example to communicate with the surveyors 
during the intervention when the historic reinforce-
ment is visible in order to document it, or not to 
remove historic reinforcement without a construc-
tive function. Awareness whether new reinforce-
ment can be welded to the historic reinforcement is 
advised, as not all historic ferrous metals are weld-
able (De Bouw, 2010). For the surface finish, the 
effects of different formworks and colour changes 
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of repair mortars during time (humidity, biological 
growth) should be considered.

Due to the properties of the historic concrete and 
the heritage values to preserve, a chosen repair strat-
egy might not always be the technical most durable 
solution. In order to identify premature failure of a 
repair, an inspection and maintenance plan is rec-
ommend in the URL. The works, materials used and 
frequency of future inspections and repairs should 
be documented and made available for the owner.

The demands towards the materials used for repair, 
and how to limit the choice of alternative materials 
by the contractor, are still under discussion, and were 
one of the obstacles encountered in the process.

5 OBSTACLES

The introduction of the URL was initially planned 
for January 2015. During its development, obsta-
cles were encountered in order to embed the URL 
in the existing guidelines, avoid loop-holes and to 
focus on its main aim.

One loop-hole was to give construction com-
panies the opportunity to deviate from proposed 
repair strategies and materials. This does not mean 
that construction companies are considered to 
chose incompatible materials or not capable to rec-
ognize maybe a flaw material choice in a survey. 
In such cases, it is expected that surveyor and 
repair companies communicate in order to find a 
better solution. Yet the bigger threat is that a suit-
able repair advice is overruled. Instead, a different 
material might be applied, which might have been 
chosen without considering the material proper-
ties, conservation aims and underlying damage 
cause. Laymen such as owners might not be able to 
evaluate the risks and benefits from alternatives.

Another obstacle is the recentness of the field, 
the lack of other guidelines related to concrete 
conservation, and involvement of stakeholders 
without knowledge of (historic) concrete during 
conservation. This tempted to incorporate too 
much information and demands in the URL, turn-
ing it into an unreadable document.

Currently, the URL is being critically reviewed 
whether it fulfils its initial aims, namely to give 
support for conservation works and to increase the 
quality of concrete conservation. Aspects which 
were considered relevant, yet not part of the scope 
of the URL, such as the quality of historical and 
technical inspections, will have to be discussed in 
different settings.

6 CONCLUSIONS

The development and introduction of a guide-
line for the conservation of historic concrete is a 

 welcomed signal within the conservation field. 
It shows that historic concrete is being acknowl-
edged as a historic material, requiring equal care 
and investigation as traditional materials encoun-
tered during conservation. Yet, due to the recent-
ness of the field, it cannot rely on the practical 
experience to identify best practice or loop-holes.

During the development of the URL, underlying 
problems within the conservation field frequently 
surfaced. Many of these problems originate from 
the aspect that no training exists for concrete con-
servation, explaining the varieties and properties of 
historic concrete, the consequences for durability 
and options for conservation. Most available experi-
ence is case-based and generic knowledge is limited.

The introduction of the URL can push the con-
crete conservation market, by requesting sound 
research prior to repair works, and by creating 
awareness that concrete conservation involves 
more than normal concrete repair.
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ABSTRACT: Surface-impregnation materials and coating agents would be effective in keeping the 
authenticity of historical reinforced concrete buildings. This study investigates the effect of the surface-
impregnation materials and coating agents in preventing the moisture and gas ingress into concrete. The 
following conclusions were obtained: (1) surface-impregnation materials did not change the appearance 
of concrete and did not prevent the progress of carbonation. (2) Surface-coating agents changed the 
appearance of concrete, but they had a significant effect on the prevention of carbonation ingress. (3) A 
good agreement was found between air permeability and carbonation progress. Based on these findings, 
the surface e-impregnation agent was applied to the National Museum of Western Art of Japan which is 
one of the important cultural landmark of Japan.

2 EXPERIMENTAL APPROACH

2.1 Concrete specimen

In this study, concrete samples with a water-cement 
ratio of 60% were prepared. The mixture composi-
tion is given in Table 1. Specimens were cured in 

1 INTRODUCTION

Around the world, there are many different varie-
ties of historical legacies, and we face a common 
challenge of their maintenance. In this contex, 
conservation and repair work have an important 
role to play in the preservation of these historical 
structures. In Japan, ‘Keeping the original struc-
ture’ is advertency, and its policy is applied to 
historical structures made from various materials 
such as, stone, wood, and steel.

On the other hand, in Japan, it has been more 
than 100 years since concrete construction has 
been used, therefore, the need to develop a conser-
vation method for concrete has arisen. However, 
at present, it is difficult to evaluate the efficacy of 
repairing materials, because their aging properties 
are not well understood.

In this study, authors focus on surface-
 impregnation materials and coating agents that 
would not change the appearance of concrete. 
Authors investigated the applicability of these 
agents in the conservation of historical reinforced 
concrete buildings (Misono, 2013). As mentioned 
previously, in Japan, ‘Keeping the original struc-
ture’ is advertency when conserving and repairing 
historical buildings. Therefore, authors verify the 
durability of surface-impregnation materials and 
coating agents in aggressive environments.

Table 1. Mixture proportion of concrete.

W/C 
(%)

Sand 
percentage 
(%)

Unit amount (kg/m3)

W C

G S

G1 G2 S1 S2

60 48.5 172 287 613 266 655 289

Figure 1. Schematic drawing of a structural specimen.
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Table 2. Types of impregnations and surface coatings.

Type
Main 
component Symbol

Construction technique

Pretreatment Frequency Dilution
Application 
quantity [kg/m2]

Surface-
impregnation 
materials

Silane, siloxane SS-1 Dry 1 – 0.2
SS-2 Dry 1 – 0.2

Silane S-1 Dry 2 – 0.3∼0.4
S-2 Dry 2 – 0.6
S-3 Dry 2 – 0.9

Silicate K-1 Wet 3 – 0.35
K-2 Wet 2 0.15∼0.1

Acrylic, sodium, 
potassium

AKN Dry 1 – 0.28

Surface-coating 
agents

Aqueous acrylic, 
silicon

E-AS Dry 3 – 0.1∼0.15

Fluorine E-F Dry 3 0.1∼0.15
No application – N – – – –

Photo 1. Left: heat rays; right: water sprinkling.

Figure 2. Protocol of heat deterioration.

water of 20 °C for 28 days and then in air with 
60% R.H. at 20 °C and for 28 days. They were then 
stored in a climate controlled chamber with the fol-
lowing conditions: 20 °C, 60% R.H., and 5% CO2 
concentration.

Two types of  blocks with dimensions of 
10 × 10 × 40 cm and 15 × 15 × 10 cm were pre-
pared for the carbonation test and heat and 
moisture deterioration test, respectively, Figure 1 
shows an outline of  the specimens. The details of 
surface impregnation and coating are shown in 
Table 2. Impregnation and surface coating were 
applied to the specimens in accordance with their 
specifications.

2.2 Outline of experiment

2.2.1 Accelerated carbonation test
The carbonation depth in concrete was obtained 
accordance with JIS A 1153 at 8, 15 and 26 weeks.

2.2.2 Heat and moisture deterioration
The specimen was exposed to 100 cyclic heat rays 
and water sprinkling. The protocols of heat rays 
and water sprinkling cycles are shown Figure 2.

2.3 Measurement items

2.3.1 Gloss level retention
The gloss level of the specimen surface was 
 measured at six points using a gloss checker that 
complied with JIS K 5600-47.

2.3.2 Color difference
The color phase, brilliance, and chromaticity of 
the surface were measured using a color-difference 
meter. The measurements were conducted for three 

parts of the concrete surface, and ΔE was calcu-
lated using Eq. (1).

ΔE = (Δa2 + Δb2 + ΔL2)1/2 (1)

where ΔL denotes luminosity (in compliance with 
JIS Z 8729), and Δa and Δb are differences in chro-
matic coordinates.

2.3.3 Moisture content
Moisture content was measured using a ceramic 
sensor embedded at 2 cm depth from the concrete 
surface at step ‘e’ shown in Figure 2.
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2.3.4 Coefficient of air permeability
Air permeability was measured using a Torrent 
permeability tester shown in Photo 2. Air perme-
ability was evaluated by changes in pressure in the 
inner chamber of the tester. All the excess air flow-
ing into the outer chamber was evacuated. Thus, 
the air flow into the inner chamber was unidirec-
tional and unaffected by unwanted ingress of air 
along the concrete skin (Torrent, 1992).

2.3.5 Coefficient of moisture adsorption
Water vapor adsorption was measured for 14 days 
in chamber with 100% R.H. after heating of speci-
mens at 105 °C for 48 h. The moisture adsorption 
ratio was calculated using Eq. (2).

c C
C

=
0

 (2)

where c denotes the coefficient of moisture adsorp-
tion (%), C denotes the total amount of water vapor 
adsorption (g), and C0 denotes amount of water 
vapor adsorption after heating at 105  °C (g).

2.3.6 Contact angle
The contact angle of a moisture particle on the 
concrete surface was measured using a microscope, 
as shown in Figure 3.

3 RESULTS AND DISCUSSION

3.1 Gloss level retention and color difference

Figures 4 and 5 show the results for gloss level 
retention and color difference. Regarding the 
gloss level, the surface-coating agents (E-AS, E-F) 
showed relatively high gloss levels. In contrast, the 
surface-impregnation materials except K-1, K-2, 
and AKN exhibited values close to that of refer-
ence concrete with no treatment. Regarding the 
gloss level retention, glossiness reduced overall 
after the accelerated carbonation test and heat and 
moisture deterioration test. In particular, there was 
a large difference in the glossiness of E-F before 
and after acceleration. Photo 3 shows the appear-
ance of the coating agent E-F. It can be observed 
that popping bubbles occurred at the concrete 
surface owing to heat damage. This deterioration 
result in the reduction in the glossiness of E-F.

There was no clear difference in the colors the 
surface-coating agents and surface-impregnation 
materials. Therefore, gloss level retention was cho-
sen as the color change index.

Photo 2. Measuring device.

Figure 3. Contact angle of a moisture particle.
Photo 3. Change in the surface of concrete specimen 
using coating agent E-F.

Figure 4. Gloss level retention.

Figure 5. Colour-difference (ΔE).
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3.2 Moisture content

Figure 6 shows changes in the electrostatic capacity 
of ceramic sensors embedded in the concrete sam-
ples after the heat and moisture deterioration tests. 
The change in the electrostatic capacity was then 
converted into moisture content (Yuasa, 1997), as 
shown in Figure 7. It can be seen that the surface-
impregnation materials S-2 and S-3 effectively pre-
vented moisture ingress into concrete.

3.3 Coefficient of air permeability

Figure 8 shows changes in the air permeability of 
concrete 30 days before and after heat  deterioration. 
The air permeability of concrete with the surface-
impregnation materials was higher than that of 
reference concrete. This might be due to the effect 
of water evaporation from concrete with the sur-

face-impregnation materials. On the other hand, 
the air permeability of the surface-coating agents 
was lower than that of reference concrete.

S-2 and S-3 exhibited higher air permeability 
after heating. This might be due to the prevention of 
moisture ingress and allowance of moisture evapo-
ration, which dries concrete. Other specimens using 
both surface-impregnation materials and surface-
coating agents exhibited decreased air permeability 
because of the increase in the moisture content of 
concrete through cyclic water sprinkling.

3.4 Depth of carbonation

Figure 9 shows changes in the carbonation of 
concrete. It is clear that the surface-impregnation 
materials did not prevent carbonation; on the other 
hand, the surface-coating agents effectively pre-
vented carbonation. After changes in carbonation 
due to heat and moisture deterioration, K-1 showed 
relatively reduced carbonation. This might be due 
to the reaction and generation of C-S-H from silica 
gel on the surface of concrete by water sprinkling.

Figure 10 shows the relationship between the 
depth of carbonation and air permeability of the 
concrete 30 days after the coating. It can be seen that 
a slight agreement was obtained between them. This 
means that air permeability might be a parameter 
for evaluating the preventive effects of carbonation.

Figure 11 shows the relationship between the 
electrostatic capacity and air permeability of con-
crete at 30 days after the coating. The agreement 
between these parameters was poor. Hence, it will 
be necessary to apply other methods for evaluating 
the prevention effects of the moisture.

3.5 Coefficient of moisture adsorption

Figure 12 shows changes in the coefficient of 
moisture adsorption. The difference between the 
coefficients of surface-impregnation materials and 
surface-coating agents was not significant. It can 
be seen that the coefficient of moisture adsorp-
tion of all the used materials was less than that 
of reference concrete. It can be expected that the 

Figure 6. Change in the electrostatic capacity of 
ceramic sensor.

Figure 7. Increasing rate of moisture content.

Figure 8. Change in the coefficient of air permeability.
Figure 9. Changes in carbonation after heat and mois-
ture deterioration.

ICCRRR15_Fullpaper_Book.indb   362ICCRRR15_Fullpaper_Book.indb   362 8/27/2015   9:12:45 AM8/27/2015   9:12:45 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-51&iName=master.img-008.jpg&w=174&h=93
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-51&iName=master.img-009.jpg&w=178&h=100
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-51&iName=master.img-010.jpg&w=173&h=82
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-51&iName=master.img-011.jpg&w=180&h=84


363

Figure 10. Relationship between carbonation depth 
and air permeability.

Figure 11. Relationship between electrostatic capacity 
and air permeability.

Figure 12. Change in the coefficient of moisture 
adsorption.

Figure 13. Relationship between electrostatic capacity 
and contact angle.

Table 3. Characteristics of each material.

Type Symbol
Gloss-level 
retention

Colour 
difference

Carbonation 
control

Percolation control 
of water

Surface-
impregnation 
materials

SS-1 A – –
SS-2 – A
S-1 D –
S-2 – A –
S-3 – A –
K-1 C –
K-3 – D –
AKN D – –

Surface-coating 
agents

E-AS C –
E-F D –

: Excellent A: Equal to the reference concrete.
: Good  B: Mostly equal to reference concrete.
: Not effect C: Not similar to reference concrete.

–: No tendency D: Quite different to reference concrete.

 impregnation and surface coating materials are 
preventive of the moisture vapor.

3.6 Contact angle

Figure 13 shows the relationship between the 
electrostatic capacity and contact angle of liquid 
water. It can be seen that there was a good agree-
ment between them except for one of the surface-
impregnation materials (SS-2).

With regard to SS-2, liquid water required a 
long time to be soaked into concrete than in the 
case of material (SS-1). It has been confirmed that 
the contact angle of SS-2 decreased with time. This 
means that the contact angle might be a param-
eter for evaluating the preventive effect of moisture 
ingress.

Table 3 summarizes the characteristics of the 
surface-impregnation materials and coating agents 
used in this study.
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4 APPLICATION TO NATIONAL 
WESTERN MUSEUM (NMWA) IN JAPAN

4.1 Outline of the NMWA

The NMWA (Photo 4) was constructed in 1959 
with concrete design strength of 18 MPa.  Further 
details of the building and specifications of the 
concrete mixture are listed in Table 4. Round bars 
with yield strength of 235 MPa were used for 
reinforcement.

4.2 Condition assessment with NDT

The National Museum of Western Art (NMWA) 
is an important cultural landmark of Japan. In 
order to maintain the authenticity of the build-
ing, non/minor destructive test methods (NDT/
MDT) were performed. A combination of a small 
core sampling test and a non-destructive on-site 
air permeability test was performed to determine 
the carbonation progress of the concrete struc-
tures and also to minimize the impact on the con-
crete appearance. The method described here is 
known as the ‘Torrent Permeability Tester’ and 
was developed in Switzerland. This tester has two 
advantages: (1) The spurious air entering through 
preferential paths (e.g. micro cracks or extremely 

porous outer skin) is absorbed by the outer cham-
ber, and thus, it does not affect the measurements, 
and (2) This method is entirely non-destructive 
without unsightly spot on the concrete surface.

Figure 14 shows the relationship between the 
carbonation velocity based on the square root 
theory and the air permeability coefficient (kT) of 
concrete. It can be seen that a good agreement can 
be obtained between them and the air permeability 
tester can be considered to be a suitable tool for 
estimating the carbonation progress of concrete in 
a non-destructive manner. Based on this finding, 
concrete carbonation significantly proceeded as 
shown in Figure 15 (Imamoto, 2012).

4.3 Application of surface-impregnation 
agent to NMWA

Figure 16 shows changes in the coefficient of mois-
ture adsorption. It can be seen that the coefficient 
of moisture adsorption of all the used materials 
was less than that of reference concrete. It can be 

Table 4. Details about NMWA.

Location Ueno Tokyo
Completion 29 May 1959
Designer Le Corbusier
Assistant designer Junzo SAKAKURA, Kunio 

MAEKAWA, and Takamasa 
YOSHIZAKA

Structural design YOKOYAMA structural 
design office

Contractor SHIMIZU Corporation
Ground area 1,587 m2

Total floor area 4,353 m2

Height 11.46 m
Type of structure Reinforced concrete 3 stories

Figure 14. Relationship between carbonation and air 
permeability.

Figure 15. Distribution of carbonation depth.

Photo 4. Appearance of the NMWA.
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with surface electric resistivity after water sprin-
kling as shown in Figure 18.

Figure 19 shows change in electric resistiv-
ity after water sprinkling. The surface resistivity 
decreased by the application of the impregnation 
agent. It can be seen that the impregnation agent 
well prevented the ingress of moisture which 
caused steel corrosion of carbonated concrete. In 
this study, authors showed an example way to con-
serve the carbonated RC building.

5 CONCLUSIONS

An approach towards to conserve a historical RC 
building in Japan was introduced.

1. A non-destructive on-site air permeability 
test was useful for assessing carbonation pf 
concrete.

2. The surface-impregnation materials did not 
change the appearance of concrete, but the sur-
face-impregnation materials allowed carbona-
tion to proceed.

2. The surface-coating agents changed the appear-
ance of concrete, but they also effectively pre-
vented carbonation progress.

3. The surface-impregnation materials with sili-
cate prevented the progress of carbonation by 
heat ray exposure and water sprinkling.

4. A good agreement was found between air per-
meability and carbonation progress.

5. Contact angle might be a parameter for evaluating 
the preventive effect of liquid moisture ingress.

6. Impregnation agent well prevented the ingress 
of moisture which caused steel corrosion of car-
bonated concrete of NMWA.
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Figure 16. Changes in the coefficient of moisture 
adsorption.

Figure 17. Applied area of impregnation agent.

Figure 18. Surface electric resistivity test.

Figure 19. Change in electric resistivity after water 
sprinkling.

expected that the impregnation (S2) described pre-
viously was effective to prevent the ingress of mois-
ture vapor into concrete. Also, Figure 17 shows 
applied area of impregnation agent. It can be seen 
that no change of appearance was confirmed.

As described in Figure 13, effectiveness of 
impregnation agent was confirmed with the esti-
mation of contact angle. Hence, authors evaluated 
the effectiveness of impregnation agent on-site 
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ABSTRACT: Concrete performance traditionally refers to compressive strength and workability. 
Recently, High Performance Concrete evidenced the possibility of enhancing other material properties. 
Among these, resistance to shrinkage cracking is gaining more attention among practitioners, due to its 
strict relation to durability requirements. Shrinkage cracks occur in restrained structures: for this reason, 
material characterization should be made on the basis of a restrained shrinkage test. The ring test is an 
easy-to-use tool since one can measure the time-to-cracking of a concrete mix. Focus of this paper is to 
critical discuss the current standard test procedure and, then, to introduce a novel and enhanced testing 
set-up with the aim to reduce the time-to-cracking and to allow the measure of the post-cracking perform-
ance of the material being investigated. The work presents the results of the new test performed on High 
Performance Concrete, Fiber Reinforced Concrete with the additional use of Internal Curing.

exceed the current value of tensile strength of 
the repair material, they may result in cracking. 
Hence, early-age cracking of the repair material 
due to restrained shrinkage can be considered as 
a critical issue in repairing and retrofitting existing 
RC infrastructures with cement-based materials. 
Cracks allow water and chemical products to pen-
etrate into the new layer, resulting in a premature 
deterioration of the repair and leading to a reduc-
tion of the expected service life of the structure.

During the last few years, concrete technolo-
gists have been studying the mechanisms govern-
ing the early-age cracking of reinforced concrete 
members, especially after the diffusion of HPC, 
material with a low water-cement ratio that have 
an high potential with regards to the restrained 
shrinkage cracking. Despite an increased tensile 
strength, HPC develops higher stress rates and 
early-ages of cracking, due to a fast development 
of shrinkage deformation and a high elastic modu-
lus of the material (Wiegrink et al. 1996). As con-
crete is characterized by a poor tensile strength 
(with respect to the compressive strength), a short 
randomly distributed fiber reinforcement has been 
shown as one of the more effective techniques in 
controlling shrinkage cracking of concrete mem-
bers (Grzybowski & Shah 1990). The addition of 
fibers increases the material toughness and, thus, 
the energy required to the development of the 
cracking process. After cracking occurs, fibers 
bridge across the crack resulting in smaller crack 
widths and higher stress transfer. The effectiveness 

1 INTRODUCTION

Repairing, maintaining and retrofitting existing 
Reinforced Concrete (RC) structures and infra-
structures arises today not only as a possible per-
spective, but also as a necessity for the growth 
and development of our cities. In particular, the 
need to upgrade infrastructures to the increasing 
demand of traffic and to the performance require-
ments introduced by new technical regulations 
requires the development of innovative materials 
and technologies for the rehabilitation and retro-
fitting of existing structures. Among new materi-
als, the use of High Performance Concrete (HPC) 
for structural reinforcement may be advantageous 
because, on one hand, it has a high chemical-
 physical compatibility with the substrate and, on 
the other, for the possibility to apply the reinforc-
ing material in layers of a reduced thickness with 
a small increase of weights. However, in the design 
of such interventions, the volumetric compatibility 
between the structure and the repair material must 
be considered.

Tensile stresses may be generated in a cement-
based repair material when its volumetric changes 
are prevented by the elements to be restored, such 
as in the case of partial depth repairs, jacketing 
and overlays of existing Reinforced Concrete (RC) 
infrastructures. Volumetric changes are a result 
of several factors such as moisture loss, chemical 
reactions and temperature variations taking place 
in concrete. When the induced tensile stresses 
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of Fiber Reinforced Concrete (FRC) in control-
ling shrinkage cracking is largely influenced by the 
type, volume, geometry and toughness of fibers.

Conventional laboratory tests for HPC and FRC 
(e.g. UNI EN 12390-3:2009, EN 12390-13:2013 
and UNI EN 14651:2007) provide useful informa-
tion both on elastic and fracture properties (e.g. 
compressive strength, elastic modulus and residual 
tensile strengths respectively) but cannot be used 
to estimate the actual shrinkage cracking poten-
tial of a given concrete mixture. Free shrinkage 
tests (e.g. UNI 11307:2008, ISO 1920-8:2009, DIN 
1045 and ASTM C157/C157M-08) can be used to 
assess the dimensional variations due to hydration 
process (i.e. autogenous shrinkage) and exchange 
of water with the surrounding environment (i.e. 
drying shrinkage) in free conditions, but do not 
provide any information on the cracking risk of 
concrete because no tensile stress is induced in the 
specimen. In particular, the possibility of evaluat-
ing the effect of fibers results limited because their 
presence become relevant only after the formation 
of cracks.

Therefore, assessment of shrinkage cracking 
potential of concrete should be determined by means 
of a restrained shrinkage test that can consider both 
the effect of restraint conditions (i.e. degree of 
restraint) and the effect of time- developing material 
properties. Many studies have been carried out dur-
ing the last three decades, mainly using three types 
of test: linear test (Paillere et al. 1989, Banthia et al. 
1993, Kovler 1994, Bloom & Bentur 1995), plate 
test (Kraai 1985) and ring test (Swamy & Stavrides 
1979, Kovler et al. 1993, See et al. 2003, He et al. 
2004, Shah & Weiss 2006). The latter provides a 
nearly constant degree of restraint through an axis-
symmetric specimen geometry. In this type of test, 
a concrete specimen is cast around an inner steel 
ring, which provides a restraint to the shrinkage 
of concrete. The steel ring is also used to evaluate 
the induced tensile stresses in concrete through the 
measure of the steel deformation with strain gauges: 
a sudden drop in the steel ring deformation is inter-
preted as the failure of the concrete ring.

The standard methods based on the ring test, 
AASHTO PP 34-99 (1999) and ASTM C1581/
C1581M (2009), have been developed to deter-
mine the cracking tendency of concrete through 
the measure of the time-to-cracking, as the time 
required to the concrete specimen to crack in a 
controlled environment. In addition, the ASTM 
standard provides an analytical method to calcu-
late the stress rate in the concrete ring from the 
measure of the deformation in the steel ring. In the 
ASTM standard, the cracking tendency of a given 
concrete mixture is determined on the bases of 
four performance classes defined by the time-to-
cracking and the stress rate. Hence, the  standard 

test methods can be considered valuable tools for 
the evaluation of the influence of composition 
and material properties of concrete on cracking 
 sensitivity. However, the lack of a direct measure 
of the crack opening limits the usefulness of the 
test method to the evaluation of the pre-cracking 
behavior (e.g. time-to-cracking and stress rate) 
and does not allow any consideration on the post-
cracking performance of the material. In particu-
lar, without a measure of the crack width, the effect 
of fibers cannot be easily evaluated after cracking 
and their effect on the strain deformation of the 
steel ring is hard to interpret.

The present work aims to be part of a broader 
research path that takes away from the studies of 
Swamy & Stavrides (1979) and continues with the 
research of Shah and others (Grzybowski & Shah 
1990, Shah & Weiss 2006), up the definition of the 
current technical standards. The goal of the work 
is to continue the route with an additional effort to 
make the test more suitable for its use as a refer-
ence standard for HPC and FRC. For this reason, 
this research has two specific objectives: the first 
is the reduction of the time-to-cracking, through 
the increase of the degree of restraint of the test 
set-up; and the second is the need to measure the 
crack opening by means of the predetermination 
of its location. As already evidenced by previ-
ous researches (Cangiano et al. (2012), Reggia et 
al. (2012) and Reggia (2013)) both objectives are 
achieved with the introduction of a preformed 
notch in the concrete ring that, on the one hand, 
increases locally the degree of restraint and, on the 
other, allows to place a transducer for the measur-
ing of the crack opening. The proposed change of 
the test method aims at developing a sufficiently 
robust testing technique able to emphasize the 
role of concrete as well as that of fibers (from 
which it is reasonable to expect a significantly dif-
ferent behavior in relation to restrained shrink-
age  cracking). The work presents the results of a 
recent experimental campaign conducted on HPC 
and FRC with the additional use of Internal Cur-
ing (IC). The effects of the addition of an hybrid 
reinforcement of steel and polypropylene fibers 
and pre-wetted Light Weight Aggregates (LWAs) 
are discussed with reference to the risk of crack-
ing (evaluated through the determination of the 
time-to-cracking) and to the development of the 
cracking process (with the calculation of the crack 
opening rate).

2 EXPERIMENTAL TESTING

2.1 Testing set-up

The testing set-up of the notched ring test con-
sists of a steel ring with a thickness (ts) of 25,4 
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mm, with an outer diameter (Dos) of 330 mm and 
a height (h) of 152 mm. The outer diameter of 
the concrete (Doc) is 420 mm. The cross section of 
the concrete ring is 45 × 152 mm. Unlike standard 
ring test methods (ASTM), the new configuration 
introduces a preformed notch 15 mm deep with 
an angular profile of 90°, as shown in Figure 1. 
Hence, the reduced section of the concrete ring 
is 30 × 152 mm. The outer surface of the steel in 
contact with concrete, is perfectly smooth and pol-
ished to limit the friction between the two mate-
rials. Furthermore, the friction is limited between 
the sample and the support base. The outer mold 
is made with a polytene tube and the base is made 
of a polytene panel.

The specimen geometry is designed to provide a 
Degree Of Restraint (DOR) able to generate crack-
ing in the concrete ring in the first few days after 
the placing of concrete. In fact, degree of restraint 
represents the portion of the deformation due to 
shrinkage which is converted into concrete tensile 
deformation. The greater the degree of restraint, 
the greater the system’s ability to induce shrinkage 
cracking: 100% represents the perfectly restrained 
condition, while 0% represents the free shrinkage 
condition. The DOR can be easily expressed by the 
following formula proposed by See et al. (2003):

DOR A E
A E A E

s sE

c c s sE
=

+EcE
= 84%  (1)

where As = area of the cross section of the steel 
ring (3861 mm2); Es = modulus of elasticity of steel 
(210 GPa); Ac = area of reduced cross section of 
the concrete ring (4560 mm2); Ec = modulus of 
elasticity of concrete (35 GPa).

Table 1 summarizes the dimensions of the speci-
mens used in the AASHTO, ASTM, CTG (accord-
ing to Cangiano et al., 2012) and in the proposed 

notched ring tests. The introduction of a steel ring 
with a greater thickness determines an increased 
value of the DOR, equal to 77%. The presence of a 
reduced cross-section in the notch raises locally the 
value of the DORn up to 84%. The proposed test-
ing set-up develops a greater DOR than standard 
methods, with an increment of +34% with respect 
to the AASHTO standard and +20% to the ASTM 
 standard. Therefore a reduction of the time-to-
cracking is reasonably expected. The CTG ring has 
a slightly greater DORn, equal to 88%, thanks to a 
larger thickness of the steel ring. Note that the val-
ues of DOR must be interpreted as reference values, 
calculated considering a constant value of the elas-
tic modulus of concrete equal to 35 GPa. According 
to equation (1), changes in the value of the modulus 
of elasticity, due to the progress of hydration proc-
ess or variation in the mixture composition, are 
reflected in slightly different values of the DOR.

2.2 Testing procedure

Concrete is mixed according to the specification 
given in UNI EN 12390-2:2009. First aggregates, 
cement and silica fume are putted in the mixer, 
then water and superplasticiser. After reaching the 
desired workability, HPC is removed from the mixer 
and poured in the formworks. Then, fibers are 
gradually added ensuring an uniform  distribution. 
In the end, the FRC is extracted from the mixer 
and poured in the molds. In the case of IC, the pre-
wetted LWAs are added with the other aggregates 
and the mixing procedure of HPC is followed. At 
the end of each mixing phase, the workability of 
the fresh mixes is measured according to UNI EN 
206:2006 with the Abrams cone.

After casting, specimens are covered with a pre-
viously wetted burlap, to protect specimens from 
evaporation during the first 24 hours. After 24 
hours the outer formwork of the ring is removed Figure 1. Notched ring test set-up.

Table 1. Ring test specimens dimensions and degrees of 
restraint.

AASHTO ASTM CTG
Notched
ring test

Doc mm 457 405 375 420
Dic mm 305 330 255 330
Dos mm 305 330 255 330
Dis mm 279,6 304 185 279,6
tc mm 76 37,5  60 45
ts mm 12,7 13  35 25,4
tn mm – –  30 30
h mm 152 150 105 152
DOR % 50 68  78 77
DORn % – –  88 84
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and the upper surface of the concrete ring is sealed. 
By this, evaporation could occur only through the 
lateral surface of the ring, since both the lower and 
the upper surface of the ring are sealed. The ring 
test monitoring begins at casting and is conducted 
under controlled environmental conditions for 
three weeks. The specimens are placed in a climate 
controlled chamber with a constant temperature T 
and a constant relative humidity RH. To increase 
the rate of shrinkage, temperature is set to 20±1 °C 
and relative humidity to 50±5%. According to 
ASTM specification.

2.2.1 Monitoring
Within each steel ring one strain gauge is mounted 
at concrete notch to measure the deformations 
induced by shrinkage of concrete ring. The strain 
gauge is connected directly to a data acquisition 
system and to a computer to record the data at 
intervals of 15 minutes immediately after casting. 
The formation of the crack in the notch can be 
identified by a sudden drop of the deformation 
measured by the strain gauge placed at the notch. 
In addition, a Linear Voltage Displacement Trans-
ducer (LVDT) is placed on the tip of the notch 
(Crack Tip Opening Displacement—CTOD) on 
the upper surface of the specimen (Fig. 2). The 
transducer is applied directly on the surface of 
concrete using a thin layer of a quick-hardening 
ethyl cyanoacrylate based adhesive. The LVDT is 
connected directly to the data acquisition system 
for continuous monitoring 24 hours after casting.

3 MATERIALS AND MIX DESIGN

3.1 Mix design

The High Performance Concrete (HPC) under 
investigation consists of C70/85 concrete, with a 

Figure 2. LVDT at the tip of the notch (CTOD): HPC-2 
specimen at 21 days.

Table 2. Mix design and workability of HPC, HyFRC 
and ICHyFRC (Macobatti, 2015).

HPC HyFRC ICHyFRC

Cement 42.5R kg/m3 547 547 547
Silica Fume kg/m3 159 159 159
Total binder kg/m3 706 706 706
Water kg/m3 154 154 154
Superplast. 

content
l/m3 19,3 22,6 22,5

Polyprop. fiber 
content

kg/m3 – 8 8

Steel fiber content kg/m3 – 25 25
Sand 0–4 mm kg/m3 868 862 510
Gravel 4–10 mm kg/m3 651 643 637
LWA 0–5 mm kg/m3 – – 207
Density kg/m3 2395 2390 2237
Water/binder 

ratio
0,22 0,22 0,22

Aggreg./binder 
ratio

2,14 2,09 1,90

Superplast./
binder ratio

0,04 0,04 0,04

Slump mm 240 230 150
Consistency class S5 S5 S3

cement content of 547 kg/m3, a silica fume content 
of 159 kg/m3 and a water/binder ratio of 0,22. The 
concrete mixture without fibers is designed to have 
consistency class S5, provided by the use of super-
plasticiser with a dosage of 19 l/m3. The Hybrid 
Fiber Reinforced Concrete (HyFRC) is made on 
the basis of the HPC with the addition of 25 kg/m3 
of steel fibers and 8 kg/m3 of polypropylene fib-
ers corresponding to volumetric percentages Vf of 
0,32% and 0,88% respectively, giving a total volu-
metric percentage of 1,20%. The Internally Cured 
Hybrid Fiber Reinforced Concrete (ICHyFRC) 
is made on the basis of the HyFRC by replacing 
the 52% volume of sand with a pre-wetted LWA. 
The design and the consistency classes of HPC, 
HyFRC, and ICHyFRC mixes under investigation 
are reported in Table 2.

The cement type is CEM II/A LL-42.5R. It is a 
Portland cement with limestone type II with high 
normalized resistance and high initial  resistance. 
The silica fume is a dry densified microsilica pow-
der designed to increase concrete compressive 
strengths.

In the experimental campaign two different 
types of fibers are used together: a steel fiber and a 
polypropylene fiber (Fig. 3). Steel fibers are hook-
ended macro-fibers 30 mm long with a diameter 
of 0,35 mm. The tensile strength is greater than 
2500–3000 MPa. The polypropylene fibers are cor-
rugated polypropylene macro-fibers 29 mm long 
with a diameter of 0,75 mm. The tensile strength is 
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400–450 MPa. The main chemical-physical charac-
teristics of the fibers are listed in Table 3.

The low w/b ratio and the presence of fibers may 
reduce workability of concrete at the fresh state. To 
overcome this problem without changing the w/b 
ratio, a high-range water reducer based on second 
generation polycarboxylate is used.

Natural aggregates of silica source are also 
used. Two aggregate types with diameters ranging 
between 0 and 10 mm are used and sorted accord-
ing to size of the grains see Table 2. The LWA is 
made from plastic clay heated and expanded in a 
rotary kiln at a temperature of about 1100 °C. The 
aggregate size distribution of LWAs is between 0,5 
and 5 mm in order to have the same gradation of 
the sand replaced. The density of grains of LWA is 
1150 kg/m3. The absorption at 24 hours is 10%. To 
determine particle size distribution the Bolomey 
curve is used, taking into consideration the binder 
content, the maximum diameter of the aggregates 
and the desired workability of the mixture. The 
aggregates/binder ratio is 2,14, 2,09 and 1,90 for 
HPC, HyFRC, and ICHyFRC respectively. Fur-
ther details can be found in Macobatti (2015).

3.2 Internal curing

Internal curing is defined as the supply of water 
throughout a freshly placed cementitious mixture 
using internal reservoirs, via pre-wetted LWA, 
that readily release water as needed for hydration 
or to replace moisture lost due to self-desiccation. 

Thanks to random dispersion of LWA the water 
released into the element is more uniform than 
water penetrated with external curing. Mixture pro-
portioning with internal curing provides the neces-
sary additional water to prolong the time during 
which saturated conditions are maintained within 
the hydrating cement paste. The maintenance of 
these saturated conditions will both contribute to 
an increase in the achieved degree of reaction of 
the cementitious materials and also minimize the 
development of autogenous shrinkage contribut-
ing to early-age cracking. Equation (2) provides 
the relationship between the water demand of 
the hydrating mixture and the supply that is read-
ily available from the internal reservoirs (Bentz & 
Weiss 2011): the left-hand side of the equation rep-
resents the water demand of the concrete mixture 
and the right-hand side represents the water being 
supplied.

S S Mf LCS S WA LWACSCS ⋅SS ⋅ma Φ  (2)

where Cf = binder factor of the concrete mixture, 
equal to 706 kg/m3; CS = chemical shrinkage of the 
binder at 100% of the reaction, assumed equal to 
0,064 (Bentz & Weiss 2011); αmax = expected maxi-
mum degree of reaction for the binder, equal to 
(w/b)/0,36 = 0,61; MLWA = mass of LWAs replac-
ing the Normal Weight Aggregates NWAs, equal 
to 207 kg/m3; S = saturation level of LWAs relative 
to a quantified “pre-wetted” condition, equal to 
1; and ΦLWA = measured sorption capacity of the 
internal reservoirs equal to 10%.

4 EXPERIMENTAL RESULTS

For each material under investigation, the follow-
ing tests have been conducted: 3 compression tests 
according to UNI EN 12390-3:2009 at the age of 
28 days; 3 test for the determination of the secant 
elastic modulus according to EN 12390-13:2013 
at the age of 28 days; 3 three point bending tests 
according to UNI EN 14651:2007 at the age of 28 
days; 2 free shrinkage measurements according to 
ASTM C157/C157M-08; and 2 restrained shrink-
age tests according to the notched ring test method 
herein presented.

4.1 Mechanical characterization

The HPC has consistency class S5 and strength 
class C80/95, with a slump of 240 mm and a cubic 
compressive strength of 101,5 MPa respectively. 
The HyFRC has consistency class S5, with a value 
of slump equal to 230 mm, and a strength class 
C80/95, with a cubic compressive strength of 104,1 
MPa. The ICHyFRC has lower consistency class 

Table 3. Chemical and physical characteristics of fibers.

Steel fiber
Polypropylene 
fiber

Material Steel Polypropylene
Shape Hooked Corrugated
Density 7850 kg/m3 910 kg/m3

Length L 30 mm 29 mm
Equivalent diameter φ 0,35 mm 0,75 mm
Aspect ratio L/φ 85,7 31,2
Tensile strength 2500–3000 MPa 400–450 MPa

Figure 3. Steel fibers (left) and polypropylene fibers 
(right).
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S3 and strength class C80/95, with a slump of 150 
mm and a cubic compressive strength of 97,6 MPa. 
The average value of secant elastic modulus in 
compression is 36 GPa in HPC, 37 GPa in HyFRC 
and 31 GPa in ICHyFRC. The average values, the 
standard deviation and the coefficient of variation 
of compressive strength and elastic modulus are 
reported in Table 4. The average values of the limit 
of proportionality (i.e. the modulus of rupture) 
and the residual tensile strengths fRj according to 
UNI EN 14651:2007 are reported in Table 5.

4.2 Free shrinkage

The free shrinkage of concrete is performed meas-
uring the relative dimensional changes of axial 
prismatic specimens with nominal dimensions 

of 75 × 75 × 285 mm according to ASTM C157/
C157M-08. These measurements allow the esti-
mation of the potential volumetric contraction 
of shrinkage of concrete during the drying phase 
without any type of constraint. During the test, the 
samples are stored in a climatic chamber at a tem-
perature of 20±1 °C and relative humidity of 50±5%. 
For each batch, two specimens are casted and the 
measurements of the specimens are performed at 24 
hour intervals during the 21 days after casting. The 
measurements are made using an analogic compa-
rator mounted at the top of a steel support. Before 
reading the axial variation, the reference bar is put 
in a suitable frame in order to set the initial zero. 
The free shrinkage of concrete mixes have been 
monitored during the execution of the restrained 
shrinkage test. The values of free shrinkage defor-
mation are reported in Table 6 at 7, 14 and 21 days. 
The percentage differences compared to HPC are 
reported in brackets for HyFRC and ICHyFRC.

4.3 Restrained shrinkage

Figure 5 and Figure 6 show the results of notched 
ring tests.

The  behaviour of HPC is very clear and charac-
terized by a rapid development of the steel strain 
deformation up to its peak value, at 3,4 and 3,0 
days for the two samples. After the peak, a sud-
den and clear drop in the steel strain with the 
cracking of the concrete ring is observed. In the 

Table 4. Compressive strength and secant elastic modu-
lus in compression at 28 days: average values (Rcm, Ecm), 
standard deviation (σ) and coefficient of variation (CV).

Rcm(28) 
(MPa)

σ 
(MPa)

CV 
(−)

Ecm(28) 
(GPa)

σ 
(GPa)

CV 
(−)

HPC 101,5 4,7 0,05 36 3 0,07
HyFRC 104,1 2,8 0,03 37 4 0,09
ICHyFRC  97,6 1,1 0,01 31 3 0,09

Table 5. Limit of proportionality and residual tensile 
strengths at 28 days: average values (fLm, fR1m, fR2m, fR3m, 
fR4m).

fLm
(MPa)

fR1m
(MPa)

fR2m
(MPa)

fR3m
(MPa)

fR4m
(MPa)

HPC 7,1 – – – –
HyFRC 7,4 8,9 7,1 5,6 5,0
ICHyFRC 5,2 7,8 6,3 5,5 4,6

Table 6. Free shrinkage of concrete mixes at 7, 14 and 
21 days.

εc,sh(7)
(μm/m)

εc,sh(14)
(μm/m)

εc,sh(21)
(μm/m)

HPC 440 (ref.) 522 (ref.) 590 (ref.)
HyFRC 365 (−17%) 448 (−14%) 512 (−13%)
ICHyFRC 290 (−34%) 426 (−18%) 435 (−26%)

Figure 5. Notched ring test: steel rings strains.

Figure 4. Three point bending test: mean curve of 
HPC, HyFRC and ICHyFRC.
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 following days a variation in the steel deformation 
is no longer observed. The crack opening, meas-
ured at the tip of the notch, initially increases with 
a slow rate but, after cracking, rapidly increases to 
1,460 and 1,609 mm at 7 days whereas 1,525 and 
1,655 mm at 21 days. After this initial period the 
crack reaches a steady state with a partial recovery 
of the opening.

The HyFRC samples show a similar perform-
ance, compared to HPC, in the pre-cracking phase, 
reaching the cracking at 3,3 and 2,8 days (Fig. 5). 
After cracking, the steel strain continues to 
increase (HyFRC-1) or reaches a stationary state 
with no release of deformation (HyFRC-2). After 
cracking, the CTOD changes the rate of growth 
reaching the values of 0,078 and 0,264 mm at 7 day 
whereas 0,111 and 0,367 mm at 21 days. The effect 
of fibers can be seen in the absence of a drop in the 
steel strain, due to the capacity of fibers to transfer 
tensile stresses across the crack, and to the reduc-
tion of the crack opening, due to the ability of fib-
ers to counteract the cracking process.

The performance of ICHyFRC shows a more 
gradual development of steel strains with an 
unclear transition between pre-cracking and 

post-cracking phase. Cracking may be identified 
by a change in the crack opening rate, at 4,0 and 
3,5 days. The crack opening development is less 
pronounced than in the other materials reaching 
the values of 0,097 and 0,131 mm at 7 days whereas 
0,148 and 0,199 mm at 21 days.

4.4 Shrinkage cracking performance indexes

The resistance to restrained shrinkage cracking can 
be defined on the basis of two experimental meas-
urements: the cracking initiation time or time-to-
cracking (Tc); and the crack opening rate (vc).

The time of initiation of the cracking process 
Tc is intended as the time interval between the 
exposure of the material to the environment which 
determines the shrinkage and the time in which a 
sudden variation of the crack opening (or a vari-
ation in the rate of crack opening) is measured. 
The rate of crack opening vc is defined as the ratio 
between the increment of the crack opening after 
a predetermined period of time, i.e. the average 
velocity of cracking in a given time:

v
w w

t Tc cTT( )t
( )t

=
− ( )T c

( )t T c
with  (3)

where w(Tc) = relative displacement between 
the faces of the notch at the incipient cracking; 
w(t) = crack opening after a predetermined period 
of time; (t − Tc) = period of time of observation 
with t > Tc.

Tc can be related to the likelihood of the cement 
matrix to crack due to restrained shrinkage: the 
more the material is prone to cracking, the more Tc 
will be short. The time-to-cracking is influenced by 
the time development of shrinkage and mechani-
cal properties of concrete. In particular, concretes 
characterized by a rapid development of shrink-
age and elastic modulus will be characterized by 
short Tc (e.g. HPC), while materials with a slow Figure 6. Notched ring test: cracks openings (CTOD).

Table 7. Performance indexes: time-to-cracking (Tc) and crack opening rate (vc).

Material
Tc 
(days)

vc(7)
(μm/day)

vc(14)
(μm/day)

vc(21)
(μm/day)

HPC-1 3,4 399 133 85
HPC-2 3,0 393 137 90
Mean value 3,2 (ref.) 396 (ref.) 135 (ref.) 88 (ref.)
HyFRC-1 3,3 16 8 5
HyFRC-2 2,8 59 29 19
Mean value 3,1 (−3%) 38 (−90%) 18 (−87%) 12 (−86%)
ICHyFRC-1 4,0 25 12 7
ICHyFRC-2 3,5 29 15 10
Mean value 3,8 (+19%) 27 (−93%) 13 (−90%) 9 (−90%)
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 development of shrinkage or a gradual develop-
ment of the elastic modulus will be characterized 
by longer Tc (e.g. ICHyFRC).

The rate of crack opening vc defines, instead, the 
material’s ability to counteract cracking: the lower 
vc, the higher the material ability to control the 
cracking process. This parameter depends largely 
by the shrinkage and by the residual strength of 
the material after cracking. For instance, concretes 
characterized by a brittle post-cracking b ehaviour 
will experience high vc (e.g. HPC), while concretes 
characterized by high residual strength will be 

identified by a slow development of the crack-
ing process (e.g. HyFRC and ICHyFRC). The 
above mentioned parameters are given in Table 7. 
 Figure 7, Figure 8 and Figure 9 show the values of 
Tc, vc(7) and vc(21) graphically. Moreover, Table 7 
also reports mean value for the three materials and, 
in brackets, the percentage differences of HyFRC 
and ICHyFRC compared to HPC.

5 CONCLUDING REMARKS

Based on the experimental study herein conducted, 
the following conclusions can be drawn:

– The evaluation of cracking sensitivity of HPC 
and FRC under restrained shrinkage can be per-
formed by means of a restrained ring test with 
an innovative methodology characterized by a 
higher DOR and having a notch. The presence 
of a reduced section allows to achieve three 
important results: an expected reduction of the 
time-to-cracking, due to an higher DOR, in com-
parison with that required for the same material 
tested with the standard ring test AASHTO 
and ASTM; the possibility to make more accu-
rate measurements of the crack opening and its 
development in time; and the opportunity to 
collect not only qualitative but also quantitative 
results on the cracking process determined by 
restrained shrinkage, such as crack opening and 
crack opening rate.

– The restrained shrinkage behavior can be deter-
mined both by the evaluation of the deforma-
tion of the ring in steel and by assessment of the 
crack opening in the notch. The deformations 
measured in the ring steel allow an easy evalu-
ation of the time-to-cracking, generally associ-
ated with a sudden decrease of the deformations 
of the ring. The development over the time of 
the crack opening is used to estimate the average 
crack opening rate at predetermined time inter-
vals. From the results of the tests conducted it 
is possible to determine not only the sensitivity 
to cracking of the concrete, depending to the 
cement matrix, but also to evaluate the resist-
ance to the restrained shrinkage cracking, due 
to the presence of the fibrous reinforcement.

– The effect of the addition of hybrid fibers 
resulted in a limited decrease in the time-to-
cracking comparing HPC with HyFRC. This 
effect may be due to the small decrease in the 
tensile strength of the fiber reinforced material. 
Moreover, the addition of fibers results in a sig-
nificant decrease in the rate of crack opening, 
caused by an increase of the capacity of fiber 
reinforced concrete to counteract the advance of 
the cracking process. This effect is particularly 

Figure 7. Time-to-cracking of concrete mixtures.

Figure 8. Crack opening rate of concrete mixtures at 
7 days.

Figure 9. Crack opening rate of concrete mixtures at 
21 days.
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evident for the speed of growth of the crack 
evaluated at 7 and 21 days.

– Internal curing causes an increase in the time-
to-cracking of mixtures. In this case the time-to-
cracking increases from 3,4 and 3,0 days (HPC) 
to 4,0 and 3,5 days (ICHyFRC). This effect 
may be due to the lower rate of free shrinkage, 
accompanied to an expansion during the first 
hours after casting and a lower elastic modulus. 
In addition, the presence of fiber reinforcement 
gives the same benefits shown for the HyFRC.
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ABSTRACT: Creep deformations of ultra-rapid-hardening cement-type post-installed bonded anchors 
were measured. The influences of the sustained load magnitude, steel bar diameter, and type of anchor 
were studied for an embedment length of seven times the nominal diameter. It was estimated that creep 
failure would not occur within 50 years for an inorganic-type post-installed bonded anchor at a stress 
level of 0.33. The displacement of D19 bars was larger than that of D13 bars at the same stress level. 
For organic-type anchors, the displacement changed mostly at a stress level of 0.55 as the test duration 
increased, so the creep limit was considered to be approximately 0.55. The relationship between the time 
to creep failure and the stress level was determined for the different types of anchors tested. The slope of 
the line for the time to creep failure versus the stress level for the inorganic post-installed bonded anchor 
type was about half  of that for the cast-in-place anchor type.

Nevertheless, few studies have focused on the 
creep behaviour of inorganic-type post-installed 
bonded anchors.

This study was conducted to investigate the 
creep behaviour of ultra-rapid-hardening cement-
type post-installed bonded anchors. The influences 
of the sustained load magnitude, steel bar diameter, 
and type of anchor were examined in this study.

2 EXPERIMENTAL MATERIALS 
AND METHODS

2.1 Anchor materials

Table 1 lists the materials and mix proportions of 
the post-installed bonded anchors used in the tests.

The post-installed bonded anchors were of 
the cartridge type, in which the raw materials are 
enclosed in a steel pipe.

The inorganic-type anchor contains ultra- rapid-
hardening cement, sand, and other materials in a 
cartridge. Water is poured into the top of the car-
tridge, and the materials are mixed by a special 
mixer in the cartridge. They are then injected into 
a drilled hole.

The organic-type anchor is formed by mix-
ing a base agent containing bisphenol A epoxy 
resin, bisphenol F epoxy resin, and a hardening 

1 INTRODUCTION

The collapse of the ceiling of the Ted Williams 
Tunnel in South Boston, Massachusetts, USA 
occurred on July 10, 2006. The National Trans-
portation Safety Board released a report about 
the accident that attributed the major cause of 
the collapse to epoxy creep. In Japan, concrete 
ceiling panels inside the Sasago Tunnel collapsed 
on December 2, 2012. It has been a concern that 
the ceiling panels’ post-installed anchors used may 
have deteriorated during long-term use.

When equipment is attached to a concrete 
structure, post-installed anchors are essential for 
successful construction. Post-installed anchors 
can be positioned exactly and are easy to install. 
More than 500 million post-installed anchors are 
used annually in Japan. Thus, the safety of post-
installed anchors is an important subject.

However, there has been little research on the 
tensile creep behaviour of post-installed bonded 
anchors in Japan. The creep behaviour of post-
installed anchors of polyester resin was studied by 
Yano et al. (1981), and that of anchors of epoxy 
ester was studied by Nakano et al. (2011). The 
creep behaviour of organic-type bonded anchors is 
summarised in Anchorage in Concrete Construction 
(Eligehausen et al. 2006).
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agent containing m-Xylene diamine and aliphatic 
polyamine in a mixing nozzle.

2.2 Material properties

Table 2 lists the properties of  the concrete and the 
anchor materials. The material specifications of 
the deformed bars used in the bond strength tests 
and creep tests are listed in Table 3, and the speci-
men shapes are shown in Figure 1. The compres-
sive strength and static modulus of  elasticity of 
the concrete were measured using 100 × 200-mm 
cylinder specimens, and those of  the inorganic-
type anchors were measured using 50 × 100-mm 
cylinder specimens. Concrete was placed into 
steel pipes to prevent tensile cracking. The steel 
pipes were 216 mm in outer diameter and 4.5 mm 
in thickness. D13 and D19 reinforcing bars were 
used for the anchors. The embedment length was 
seven times the nominal diameter of  the steel 
bar. The D13 was connected to M14 by flash 
butt welding. Similarly the D19 was connected 
to M24. The diameters of  the anchor holes were 

Table 1. Anchor materials.

Type of anchor Materials Mix proportions

Inorganic-type 
post-installed 
bonded anchor

Base agent Hardening agent Base agent: hardening agent
Ultra-rapid-hardening cement Water 100:38
Quartz sand

Organic-type 
post-installed 
bonded anchor

Bisphenol A epoxy resin m-Xylene diamine 3:1
Bisphenol A epoxy resin Aliphatic polyamine
Quartz sand Quartz sand

Table 2. Properties of concrete and anchor materials.

Type of anchor

Concrete 
compressive 
strength (N/mm2)

Static elastic
modulus 
(kN/mm2)

Bonded anchor 
compressive 
strength (N/mm2)

Static modulus 
of elasticity 
(kN/mm2)

Inorganic-type post-
installed bonded anchor

24.3 28.4 62.4 25.0

Organic-type post-
installed bonded anchor

24.3 28.4 109.0 2.7

Figure 1. Specimen shapes (all dimensions in mm).

Table 3. Material specifications of deformed bar.

Type of anchor
Deformed 
bar Type

Yield  strength 
(N/mm2)

Static modulus of 
elasticity  (kN/mm2)

Inorganic-type post-
installed bonded anchor

D13
D19

MK785
USD685

791
936

190
210

Organic-type post-
installed bonded anchor

D13 MK785 791 190

18 mm for the D13 bars and 24 mm for the D19 
bars.

When the concrete was 28 days of age, anchor 
holes were drilled using a diamond core bit, 
anchor materials were placed in the holes, and the 
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deformed bars were inserted. The deformed bars 
penetrated the test specimens.

2.3 Bond strength

Bond strength tests were carried out when the con-
crete reached an age of more than three months, 
to avoid the concrete compressive strength being 
too high. The bond test apparatus is shown in 
Figure 2.

A steel plate was set on the specimen to produce 
bond failure. The steel plate had an outer diameter 
of 180 mm, an inner diameter of 30 mm for the 
tests on the D13 bars, and an inner diameter of 38 
mm for the tests on the D19 bars.

Each specimen was loaded using the centre hall 
jack. The load and the displacement of the free 
end were measured.

2.4 Creep test device

The creep test apparatus is shown in Figure 3. 
A specimen was placed in the upper part of the 
apparatus, and a sustained load was applied with 
a spring. After the spring was compressed with the 
hydraulic jack, the bolt in the lower part of the 
apparatus was tightened. When the load applied 
by the hydraulic jack was removed, the specimen 
was subjected to sustained loading.

The tests were carried out at 20°C and 60% rela-
tive humidity. The steel plate was positioned as in 
the bond strength test. After a load with a magni-
tude 0.33 times the ultimate load magnitude was 

Figure 2. Bond strength test apparatus.

Figure 3. Tensile creep test apparatus (all dimensions 
in mm).

applied repeatedly, sustained loading was applied 
at the target load level.

The creep test conditions are listed in Table 4. 
The three types of anchors were prepared: the 
Cast-In-Place anchors (CIP), the Inorganic-type 
Post-Installed Bonded anchors (InPIB), and the 
Organic-type Post-Installed Bonded anchors 
(OrPIB).

To investigate the influence of the sustained 
load magnitude, sustained loads were applied at 
magnitudes of 0.33 to 0.95 times the ultimate load 
magnitude. In each test, the load magnitude and 
the displacement of the anchor at the free end (δF 
in Fig. 2) were measured.

For stress levels (sustained load/ultimate load) 
below 0.66, the sustained load was removed after 
three months. For stress levels greater than 0.66, 
the sustained load was maintained until creep 
failure.
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3 RESULTS

3.1 Bond strength

The bond strength test results are shown in Table 5 
and Figure 4. The bond strengths (τb1) were calcu-
lated using the following equation.

τ
π

bτ P
da b

1
1 1

=
⋅ da1

max

 
(1)

where τb1 = the bond strength, Pmax = the ultimate 
load, da1 = the nominal diameter of the deformed 
bar, and lb = the embedment length.

The average bond strength of  the CIP-D13 
anchors was 12.7 N/mm2, and that of  the InPIB-
D13 anchors was 25.7 N/mm2, or approxi-
mately twice as high as that of  the CIP-D13 
anchors.

This can be considered an indicator that the 
compressive strength of the inorganic-type anchor 
is more than twice as high as that of the cast-in-
place concrete anchor. The average bond strength 
of the OrPIB-D13 anchors was 33.8 N/mm2, which 
is approximately 1.25 times that of the InPIB-D13 
anchors.

The average displacement of the CIP-D13 
anchors at the time of the ultimate load was 
approximately 0.8 mm, that of the InPIB-D13 
anchors was 0.3–0.5 mm, and that of the OrPIB-
D13 anchors was 1.1–1.8 mm. After the InPIB-
D13 anchors reached the ultimate load, the 

displacement decreased rapidly. In contrast, the 
displacement of the OrPIB anchors increased rap-
idly at a load level more than 100 kN before the 
ultimate load.

The displacements of the InPIB-D19 anchors 
at the time of the ultimate load were in the range 
of 0.06–0.11 mm, which is much smaller than the 
range for the InPIB-D13 anchors.

3.2 Creep test

3.2.1 Comparison between cast-in-place anchor 
and inorganic-type post-installed anchor

The results of the creep tests of the CIP-D13 and 
InPIB-D13 anchors are shown in Figure 5.

The higher the sustained load was, the larger 
the displacements of  the CIP-D13 and InPIB-D13 
anchors were, and the displacements increased 
with the duration of  loading. Stress levels below 
0.63 did not produce creep failure in the CIP-D13 
anchors within 91 days. However, at a stress level 
of  0.69, creep failure occurred at 172 days, and 
at a stress level of  0.86, creep failure occurred at 
3.55 days. In contrast, little variation in the dis-
placement of  the InPIB-D13 anchors with load 
duration was observed at stress levels below 0.53. 
At a stress level of  0.80, creep failure occurred 
at 168 days, at a stress level of  0.90, creep fail-
ure occurred at 197 days, at a stress level of  0.93, 
creep failure occurred at 0.64 days, and at a stress 
level of  0.95, creep failure occurred after only 5 
minutes.

Table 4. Experimental conditions.

Specimen Type of anchor
Sustained 
load (kN)

Stress 
level

Deformed 
bar

Embedment 
length (mm)

CIP-D13-0.33 Cast-in-place anchor 15.3 0.33 D13 91
CIP-D13-0.65 29.1 0.63
CIP-D13-0.69 32.0 0.69
CIP-D13-0.86 39.8 0.86
InPIB-D13-0.35 Inorganic-type

post-installed
bonded anchor

32.8 0.35 D13 91
InPIB-D13-0.53 49.0 0.53
InPIB-D13-0.69 64.7 0.69
InPIB-D13-0.80 74.4 0.80
InPIB-D13-0.90 84.5 0.90
InPIB-D13-0.93 87.3 0.93
InPIB-D13-0.95 89.0 0.95
InPIB-D19-0.34 Inorganic-type

post-installed
bonded anchor

71.1 0.34 D19 113
InPIB-D19-0.50 106.1 0.50
InPIB-D19-0.66 140.7 0.66
OrPIB-D13-0.49 Organic-type

post-installed
bonded anchor

59.7 0.49 D13 91
OrPIB-D13-0.54 65.7 0.55
OrPIB-D13-0.63 75.2 0.61

* Sustained load/ultimate load.
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Table 5. Results of bond strength tests.

Specimen

Compressive 
strength 
of concrete 
(N/mm2)

Anchor 
(mm)

Drilled 
hole (mm)

Embedment 
length (Mm)

Ultimate 
load (kN)

Bond 
strength 
(N/mm2)

Displacement 
at ultimate 
load (mm)

da1 da2 Lb Pmax Average τb1 Average σF Average

CIP-D13 24.3 12.7 – 91 43.5 46.2 12.0 12.7 0.83 0.81
46.5 12.8 0.84
48.5 13.3 0.76

InPIB-D13 24.3 12.7 18 91 102.2 93.5 28.2 25.7 0.48 0.35
89.0 24.5 0.27
89.2 24.6 0.30

InPIB-D19 24.3 19.1 24 133 210.3 211.9 26.4 26.6 0.06 0.08
204.8 25.7 0.07
2207 27.7 0.11

InPIB-D13 24.3 12.7 16 91 121.7 122.7 33.5 33.8 1.29 1.40
126.4 34.8 1.15
119.9 33.0 1.77

Figure 4. Load and displacement at free end.

The displacement at the time of the creep failure 
of the CIP-D13-0.69 anchor was 1.1 mm, and that 
of the InPIB-D13-0.80 anchor was 1.2 mm. These 
displacements at the time of the creep failure were 
2–3 times greater than that measured in the bond 

strength test. The displacement at the time of the 
creep failure of the InPIB-D13-0.95 anchor was 
0.58 mm, and that of the InPIB-D13-0.93 anchor 
was 0.63 mm. The displacement at creep failure 
increased as the duration of loading increased.
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The displacements measured in these tests were 
extrapolated using equation (2) to estimate long-
term creep deformations:

S So a tb( )t = +So  (2)

where So = the initial displacement under the sus-
tained load at t = 0 and a and b are constants (tun-
ing factors).

The displacement of the CIP-D13-0.63 anchor 
was estimated to be 1.15 mm at 5 years and 1.23 
mm at 10 years. Because creep failure of the 
CIP-D13-0.69 anchor occurred at 1.1 mm, it is 
presumed that creep failure of the CIP-D13-0.63 
anchor would occur after several years.

The displacement of the CIP-D13-0.32 anchor was 
estimated to be approximately 0.5 mm at 50 years. 
The displacement of the InPIB-D13-0.33 anchor 
remained largely unchanged with increasing loading 
duration. Therefore, it is presumed that creep failure 
will not occur within 50 years for either the CIP-
D13-0.32 anchor or the InPIB-D13-0.33 anchor.

3.2.2 Influence of deformed bar diameter
As the test results for the D13 and D19 bars 
in  Figure 6 show, for the same stress level, the 

 displacements of the D19 bars were larger than 
those of the D13 bars. In addition, the displace-
ment of the InPIB-D19-0.34 anchor and the 
InPIB-D19-0.50 anchor gradually increased with 
increasing loading duration.

By extrapolation, the displacement of the InPIB-
D19-0.34 anchor at 50 years was estimated to be 
0.43 mm, that of the InPIB-D19-0.50 anchor was 
estimated to be 0.65 mm, and that of the InPIB-
D19-0.66 anchor was estimated to be 1.60 mm.

In contrast, the displacement of the InPIB-D13-
0.69 anchor was estimated to be 0.52 mm at 50 
years, which is smaller than that estimated for the 
InPIB-D19-0.66 anchor.

Although the embedment lengths of the D13 
and D19 bars were seven times of nominal diame-
ter, the displacements of the D19 bars were larger.

Because the loads sustained by the D19 bars 
were large, it was presumed that the load mag-
nitude rather than the stress level influences the 
creep deformation.

3.2.3 Comparison between inorganic-type 
and organic type

The test results for the InPIB-D13 and OrPIB-D13 
anchors are shown in Figure 7.

Figure 5. Creep deformation of cast-in-place anchors and post-installed anchors.

Figure 6. Creep deformation of D13 and D19 anchors.
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Figure 7. Creep deformation of inorganic-type and organic-type anchors.

Table 6. Displacement difference between 0 days and 91 days and time to failure.

Specimen
Sustained 
load (kN)

Stress 
level

Displacement at free end

Measured 
time to 
failure 
(days)

Estimated 
time to 
failure 
(days)

Duration of loading

0 days 
(mm)

91 days
(mm)

Diff.
(mm)

CIP-D13-0.33 15.3 0.33 0.06 0.19 0.13 295146
CIP-D13-0.65 29.1 0.63 0.12 0.94 0.82   1028
CIP-D13-0.69 32.0 0.69 0.14 1.02 0.88 172
CIP-D13-0.86 39.8 0.86 0.38 3.55
InPIB-D13-0.35 32.8 0.35 0.05 0.05 0.00
InPIB-D13-0.53 49.0 0.53 0.06 0.08 0.02
InPIB-D13-0.69 64.7 0.69 0.14 0.23 0.09 477973
InPIB-D13-0.80 74.4 0.80 0.16 0.84 0.68 168
InPIB-D13-0.90 84.5 0.90 0.23 0.92 0.69 197
InPIB-D13-0.93 87.3 0.93 0.31 0.64
InPIB-D13-0.95 89.0 0.95 0.52 0.00285
InPIB-D19-0.34 71.1 0.34 0.04 0.09 0.05
InPIB-D19-0.50 106.1 0.50 0.12 0.22 0.10
InPIB-D19-0.66 140.7 0.66 0.19 0.43 0.24
OrPIB-D13-0.49 59.6 0.49 0.12 0.29 0.17
OrPIB-D13-0.54 66.9 0.55 0.20 1.06 0.86
OrPIB-D13-0.63 75.2 0.61 0.35 1.14

The initial displacement of the OrPIB-D13-
0.55 anchor was large, and the deformation also 
increased with increasing loading duration more 
than that of the OrPIB-D13-0.50 anchor. Fur-
thermore, the deformation of the OrPIB-D13-0.50 
anchor was smaller than that of the OrPIB-D13-
0.55 anchor. Thus the creep limit of the OrPIB-
D13 anchors is considered to be approximately 
55%.

For the OrPIB-D13-0.63 anchor, creep failure 
occurred at 1.14 days. Although the displacement 
at the time of the ultimate load was approximately 
1.2 mm, the displacement before the failure of 
the OrPIB-D13-0.63 anchor was approximately 
3.5 mm. As with the CIP-D13 and InPIB-D13 

anchors, the displacement at the time of the creep 
failure of the OrPIB-D13 anchors was approxi-
mately three times as large as that at the time of the 
ultimate load.

Accordingly, it is presumed that the displace-
ment at the time of creep failure becomes larger 
than that at the time of the ultimate load as meas-
ured in a bond strength test.

The sustained load applied to the OrPIB-D13-
0.64 anchor was 75 kN, and that applied to the 
InPIB-D13-0.80 anchor was 74 kN. Under essen-
tially the same load, creep failure of the OrPIB-
D13-0.64 anchor occurred at 1.14 days, and that of 
the InPIB-D13-0.80 anchor occurred at 168 days. 
The displacement of the InPIB-D13-0.53 anchor 
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at 91 days was 0.08 mm, and that of the InPIB-
D13-0.69 anchor was 0.23 mm. Furthermore, the 
increase in deformation with increased duration of 
loading was small.

Although it is presumed that the creep limit of 
the OrPIB-D13 anchors is approximately 55%, the 
creep limit of the InPIB-D13 anchors is considered 
to be larger than that of the OrPIB-D13 anchors, 
because the time to creep failure is long at a stress 
level of 0.80 and the deformation of the InPIB 
anchors at a stress level of 0.69 was smaller than 
that of the OrPIB anchors.

3.2.4 Estimated creep failure time
The displacement, stress level, and time to creep 
failure are shown in Table 6.

By extrapolation, the displacement at creep 
failure was estimated to be 1.1 mm for the CIP-
D13-0.33, CIP-D13-0.65, and InPIB-D13-0.69 
anchors.

The relationship between the duration of the 
sustained load and the stress level is shown in 
Figure 8.

Approximate expressions for the time to creep 
failure versus stress level were obtained from the 
creep test results and were evaluated. The slope of 
the line for the InPIB-D13 anchors was about half  
of that for the CIP-D13 anchors. These results sug-
gest that at high stress levels, InPIB-D13 anchors 
are less likely to experience creep failure than CIP-
D13 anchors.

Relationships between the stress level and the 
difference between the displacement at 0 days and 
that at 91 days are shown in Figure 9.

For the InPIB-D13 anchors, the variation in 
displacement became quite large at a stress level 
of approximately 0.70. The displacement of the 
OrPIB-D13 anchors became large at a stress level 
of approximately 0.50–0.55.

Assuming that the creep limits of the different 
types of anchors are represented by the inflection 

points of the displacement curves in Figure 9, the 
creep limit of the InPIB anchors is considered 
to be approximately 0.70, and that of the OrPIB 
anchors is approximately 0.50–0.55. Compressive 
creep failure of concrete is known to occur at a 
stress level greater than 0.70, which is consistent 
with these results. It is likely that the creep limit of 
an inorganic-type anchor will be higher than that 
of an organic-type anchor.

4 CONCLUSIONS

The creep deformation of ultra-rapid-hardening 
cement-type post-installed bonded anchor was 
studied, and the influences of the sustained load 
magnitude, deformed bar diameter, and anchor 
type were examined for an embedment length of 
seven times the nominal diameter.

At a stress level of 0.33, the displacement of 
the inorganic-type post-installed bonded anchor 
remained nearly unchanged under sustained load-
ing for 91 days. This suggests that at a stress level of 

Figure 8. Time to creep failure versus stress level.

Figure 9. Displacement difference versus stress level.
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0.33, creep failure of an inorganic type post-installed 
bonded anchor will not occur within 50 years.

At stress levels greater than 0.80, creep failure 
occurred within 200 days, and the displacement at 
the time of creep failure increased as the time to 
creep failure increased.

In comparing D13 and D19 bars, the displace-
ments of the D19 bars were found to be larger than 
those of the D13 bars at the same stress level and 
the same embedment length ratio, which was seven 
times the nominal diameter.

Because the sustained loads on the D19 bars 
were high, the displacements of the D19 bars were 
larger than those of the D13 bars.

For organic-type anchors, for which the dis-
placement differential increased with increasing test 
duration increase, the creep limit is considered to be 
approximately 0.55. The displacement at the time 
of creep failure was 3.5 mm, which was larger than 
that for the inorganic-type anchors. However, the 
displacement at the time of creep failure was 2–3 
times that measured in the ultimate loading test.

For the inorganic anchor type, the slope of  the 
line of  the time to creep failure versus the stress 

level was approximately half  of  that for the cast-
in-place anchor type. Therefore, at high stress 
levels, creep failure is less likely to occur in an 
inorganic type of  anchor than in a cast-in-place 
anchor.
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Assessment of the use of Arcelor Mittal electric arc furnace slag 
as coarse aggregates in concrete production
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ABSTRACT: Arcelor Mittal electric arc furnace slag is a byproduct from the steel making process. 
Locally, it is generated in great amounts and when produced, it is left in stockpiles at the production site. 
The use of this industrial by product in the construction industry could be beneficial in minimizing natu-
ral resource depletion and the high environmental impacts caused by concrete production. As such, this 
study focuses on the effectiveness of using Arcelor Mittal electric arc furnace slag as coarse aggregates in 
the making of concrete. However, since the electric arc furnace slag is an industrial by product, a com-
prehensive knowledge of its characteristics is required. Therefore, this paper examines the physical, min-
eralogical and chemical properties of electric arc furnace slag. The feasibility of using electric arc furnace 
slag in the concrete was examined by conducting compressive and tensile strengths of concrete mixtures 
using replacement ratios of 0%, 15%, 30%, 45%, 60%,75% and 100% of the slag as coarse aggregates. 
The findings indicate that the compressive and tensile strengths of the concrete achieved using the differ-
ent ratios of the slag is comparable to that using purely natural aggregates. Therefore, the utilization of 
Arcelor Mittal electric arc furnace slag in concrete production is an efficient means of reducing the costs 
and environmental impacts.

Qasrawi (2009) found that the tensile and com-
pressive strengths of concrete increased with an 
increase in the electric arc furnace slag content of 
the concrete mixes. The results from other stud-
ies conducted by Pellegrino (2011), Abu-Eishah 
(2011) Manso (2006) showed that the compressive 
and tensile strengths of concrete containing elec-
tric arc furnace slag as aggregates were higher than 
when putely natural aggregates were used.

Locally, electric arc furnace slag is generated at 
300,000 tonnes annually (Arcelor Mittal Steel, 2008). 
The Arcelor Mittal electric arc furnace slag is left in 
stockpiles at the production site when it is generated 
and this results in serious environmental problems.

The purpose of this study is to analyse how the 
mechanical properties of concrete vary by chang-
ing the content of the electric arc furnace slag in 
the concrete mixtures.

2 MATERIALS AND METHODS

The concrete mixtures which were formulated con-
sisted of water, aggregates and cement.

2.1 Aggregates

The two types of aggregates used in this study 
are quartz and electric arc furnace slag. Quartz 
were used as fine and coarse aggregates whereas 

1 INTRODUCTION

Due to increasing cost of raw materials and the 
continuous reduction of natural resources, the 
use of waste materials could be a potential alter-
native in the construction industry (Pellegrino, 
2009). The continued and expanding extraction 
of natural aggregate causes serious environmental 
problems which lead to irremediable deteriora-
tion of rural areas. Quarrying of aggregates alters 
land  topography and causes potential environ-
mental problems such as erosion (Manso, 2006). 
 Aggregates occupy approximately 70% of the vol-
ume of concrete and the properties of the concrete 
produced are dependent on the characteristics of 
the aggregates used.

The use of the industrial by products as aggre-
gates is not only adding extra aggregate sources but 
also reduces environmental pollution [3]. One such 
industrial by product which could be beneficial to 
the construction industry is electric arc furnace 
slag. Electric arc furnace slag is a by product from 
the steel making industry. It is generated in electric 
arc furnaces which utilizes scrap iron to produce 
steel. As such, the quality of the electric arc furnace 
slag generated depends on its origin. Therefore, the 
properties of concrete produced using electric arc 
furnace slag is significantly influenced by its physi-
cal and chemical characteristics.
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the electric arc furnace slag were used as coarse 
aggregates in the concrete mixtures.

2.2 Cement

Blended cement was used in the concrete mixtures. 
This type of cement was obtained from a local 
cement factory (Trinidad Cement Limited) and 
is manufactured using a burned mixture of lime-
stone, clay using 30% fly ash.

2.3 Methods

In the process of evaluating the effect of different 
percentages of electric arc furnace on the strength 
of concrete, it is necessary to deduce the physical, 
chemical and mineralogical composition of the nat-
ural aggregates and the electric arc furnace slag.

2.3.1 Determination of the physical 
properties of the aggregates

The physical properties were analyzed by perform-
ing a sieve analysis of the aggregates and doing 
specific gravity and water absorption tests of the 
aggregates.

Samples of the fine natural aggregates and the 
electric arc furnace steel slag were taken according 
to BS 812: Part 102:1984. The gradation (size dis-
tribution) of the aggregates was performed using 
the ASTM C33 limits.

The gradation curves of the natural aggregates 
(quartz) and the electric arc furnace slag are shown 
in Figure 1, Figure 2 and Figure 3 respectively.

Figure 1 shows the grading of the fine natural 
aggregates according to the ASTM C33 upper and 
lower limits. From Figure 1, the ASTM C33 upper 
and lower limits are represented by the solid lines. 

Figure 1. Gradation of the natural fine aggregates 
according to ASTM C33 Limits.

Figure 2. Grading of the coarse natural aggregates 
according to ASTM C33 limits.

Figure 3. Grading of the electric arc furnace slag 
(coarse aggregates).

These limits specify the size distribution for each 
sieve size. Based on this graph, the grading of these 
aggregates falls within the range of the upper and 
lower limits of the ASTM C33 standards and as 
such, meet the gradation requirements.

Figure 2 illustrates the grading of the coarse 
natural aggregates according to the ASTM C33 
standards in which the representative sample size 
was within the range of the specification for the 
10 mm and 20 mm sieve size. However, the coarse 
aggregates were out of the boundary for the 5 
mm sieve size. The graph shows that 51% of the 
aggregates pass through the 20.0 mm and 0.3% 
of the aggregates pass through the smallest sieve 
size which is 0.150 mm. There is evidence of con-
tinuous grading occurring between the upper and 
lower limits with a decrease in the percentage of 
the aggregates passing through the respective sieve 
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sizes. However, there is some indication of possible 
gap grading between 0.15 mm and 0.30 mm sieve 
sizes since the same percentage of the aggregates 
pass through these sieve sizes.

Figure 3 illustrates the size distribution of the 
slag according to the ASTM C33 standards in 
which the gradation of the aggregates was within 
the upper and lower limits. Based on Figure 8, 
95.1% of the aggregates pass through the 20.0 mm. 
However, the grading showed that 0.3% of the 
aggregates pass through the smallest sieve size 
which is 0.150 mm.

2.4 Determination of the specific gravity, 
water absorption of the natural aggregates 
and the electric arc furnace steel slag

The specific gravity and the water absorption 
tests of  the natural aggregates and the electric 
arc furnace steel slag were conducted according 
to BS 812:Part 2:1975 (1984). The results from 
these two tests illustrated in Table 1 shows that 
the electric arc furnace slag has a higher spe-
cific gravity than the natural aggregates. This 
indicates that it is acceptable for use in concrete 
structures.

2.5 Identification of the chemical elements and 
minerals present in electric arc furnace slag

The determination of the chemical elements 
present in the electric arc furnace slag was done 
using a Bruker—Axs XRay Spectrometer Model 
SRS 3400. An ELTRA CS 2000 carbon/sulphur 
Determinator was used to deduce the percentage 
of carbon and sulphur present.

Table 2 illustrates the atomic number and the 
corresponding percentage composition of the ele-
ments present in the electric arc furnace slag. It can 
be seen that oxygen is the most dominant element 
present in the electric arc furnace slag with an aver-
age concentration of 36.250%. However, the second 
highest elemental concentration is calcium with an 
average of 21.115% and an atomic number of 20. 
Additionally, the element which has the highest 
atomic number is iron and its concentration in the 
electric arc furnace slag was 19.910%.

Table 1. Specific gravity values of natural aggregates and electric arc furnace slag.

Sample

Specific gravity 
on an oven 
dried basis

Specific gravity 
on a saturated 
surface dried basis

Apparent 
specific 
gravity

Water 
absorption

Natural aggregate 2.60 2.61 2.62 0.32
Electric arc furnace 

steel slag
3.39 3.44 3.56 1.44

Table 2. Chemical elements present in the electric arc 
furnace slag.

Elements 
present

Atomic 
number of 
elements

Percentage 
composition 
of elements 
by weight (%)

Oxygen 8 36.250
Calcium 20 21.115
Iron 26 19.910
Silicon 14 9.571
Magnesium 12 6.815
Aluminium 13 3.035
Carbon 6 1.147
Manganese 25 0.809
Titanium 22 0.477
Phosphorous 15 0.235
Sodium 11 0.145
Sulphur 16 0.140
Vanadium 23 0.101
Total 211 99.75

2.5.1 Identification of the minerals present 
in fine natural aggregates and electric 
arc furnace slag

The identification of the minerals present in the 
fine natural aggregates and the electric arc furnace 
steel slag was done using x ray diffraction  analysis. 
This was conducted using a Philips X-ray diffrac-
tometer model PW/1840, with Ni filter, CuKa 
30 mA.

Figure 4 and Figure 5 display the type of miner-
als present in the natural aggregates and the elec-
tric arc furnace slag respectively. It is evident that 
quartz and mica are the two minerals present in the 
natural aggregates and the minerals present in elec-
tric arc furnace slag are calcite, quartz, kirschstein-
ite and merwinite.

2.6 Mix proportions of concrete varied 
percentages of electric arc furnace slag

Concrete mixtures were prepared for 0.4 water 
to cement ratio using percentage of electric arc 
furnace slag 0%, 15%, 30%, 45%, 60%, 75% and 
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Figure 4. Minerals present in quartz aggregate. Figure 5. Minerals present in electric arc furnace slag.

Table 3. Mix proportions using varied percentages of electric arc furnace slag.

Ratio of 
electric arc 
furnace slag

Mass of 
fine natural 
aggregates (Kg)

Mass of coarse 
aggregates (Kg) 
electric arc 
furnace slag

Mass of 
water (Kg)

Mass of 
cement (Kg)

0% 21.5 26.3 6.4 15.9
15% 43.35 7.65 6.8 17
30% 35.7 15.3 6.8 17
45% 28.05 22.95 6.8 17
60% 20.4 30.6 6.8 17
75% 12.75 38.25 6.8 17

100% 0 51.0 6.8 17

Table 4. Slump height and density of concrete 
mixtures.

Ratio of 
electric arc 
furnace slag

Height of 
slump (mm)

Density 
of fresh 
concrete (kg/m3)

0% 0 2340
15% 5 2358.20
30% 15 2404
45% 30 2514.90
60% 50 2567.20
75% 20 2709

100% 190 2783.60

100%. The mix designs of the concrete mixtures 
are described in Table 3.

Table 3 and Table 4 illustrate the mix propor-
tions and the measurements of the concrete mix-
tures respectively.

1. The workability of the concrete mixtures was 
tested by conducting slump tests as described in 
ASTM C143.

2. The fresh density of all the mixes was measured 
according to ASTM C138.

3. For each concrete mixture, ten cubes and ten 
cylinders were prepared and cured in a water 
bath in the laboratory at 20 °C for a twenty four 
hour period.

4. The concrete samples were de-molded from the 
cubes and cylinders after the twenty four hour 
period.

5. The compressive strength of the concrete was 
tested using the cubical specimens and was con-
ducted according to ASTM C39 and the tensile 
split test was performed according to ASTM 
C496 on the cylindrical concrete samples.

3 RESULTS AND DISCUSSION

3.1 Evaluation of the tensile and compressive 
strengths of concrete containing different 
percentages of electric arc furnace slag

For each percentage of electric arc furnace slag, 
ten samples of concrete mixtures were prepared. 
The average compressive and tensile strengths were 
tested.

By observing Table 5, the average compressive 
strength for the different percentages of the electric 
arc furnace slag, it could be deduced that it did not 
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increase as the percentage of electric arc furnace 
slag increased in the concrete mixtures.

By observing Table 6, it could be deduced that 
the tensile strength did not increase as the percent-
age of electric arc furnace slag increased in the 
concrete mixtures. Instead, the compressive and 
tensile strengths of concrete achieved using elec-
tric arc furnace slag were similar to using purely 
natural aggregates.

Additionally, the results from this analysis are 
similar those attained by the researchers Qasrawi 

(2009), Pellegrino (2011) and Manso (2006). These 
researchers have conducted related experiments and 
found that using electric arc furnace slag produced 
similar compressive and tensile strengths of con-
crete as when purely natural aggregates were used.

4 CONCLUSIONS AND 
RECOMMENDATIONS

Based on the study presented in this research, the 
following deductions were made:

1. The strengths achieved using the different ratios 
of electric arc furnace slag is comparable to that 
using purely natural aggregates.

2. The findings from the strength tests indicate the 
potential of cheaper and more environmentally 
friendly concrete production.
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Table 5. Average compressive strength using different 
percentage of electric arc furnace slag.

Percentage 
of slag

Average 
compressive 
strength (Mpa)

Coefficient 
of variation

0 57.2 0.081
15 51.7 0.15
30 50.4 0.12
45 59.8 0.11
60 58.7 0.12
75 64.6 0.14

100 51.4 0.11

Table 6. Average tensile strength using different per-
centages of electric arc furnace slag.

Percentage 
of slag

Average tensile 
strength (Mpa)

Coefficient 
of variation

0 3.3 0.59
15 3.3 0.15
30 3.3 0.19
45 3.3 0.12
60 3.4 0.14
75 3.6 0.15

100 3.2 0.15
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ABSTRACT: Using non-traditional concrete in engineering applications such as the construction of 
nuclear reactor shields, dams, massive under water bridge piers and repairs of building foundations etc., 
have been considered as an efficient solution to overcome challenges of limitations of the use of normal 
conventional concrete. Such new types of concretes which have been developed and produced are com-
pletely dissimilar from the conventional concrete in the method of mixing, handling, pouring, consolida-
tion, behaviors, cost etc. Based on the technology of ready-mixed Self-Compacting Concrete (SCC), two 
types of concrete been introduced and named as: Two-Stage Concrete (TSC) and Rock-Filled Concrete 
(RFC), where a Self-Compacted Grout (SCG) injected or poured to fill the void space of preplaced or 
Self-Compacted Aggregate (SCA) or rocks. By other words, TSC (Pre-placed Aggregate) unlike Normal 
Concrete (NC), it is made by first placing the coarse aggregate in the formwork and then injecting a grout 
consisted of sand, cement and water to fill the voids between the aggregate particles. The main benefits 
of the method are widely appreciated as Low heats of hydration, high compressive strengths and density, 
economic savings, practically no mass shrinkage, low coefficient of thermal expansion, excellent bond to 
existing structures. Similarly, the construction technology of RFC mainly consists of two processes: fill-
ing the working space with large scale rock mass and pouring the SCC into the pre-packed rock body. Less 
cement in the composite, which results in less heat of hydration, makes the temperature control of RFC 
much easier, and this new construction method leads to fast construction speed, high concrete quality and 
improves the economics and environmental performance of massive concrete structures. Generally, the 
properties of two-stage concrete are thus influenced by the properties of the coarse aggregate, the prop-
erties of the grout, and the effectiveness of the grouting process. This paper illustrates the importance, 
advantages and special requirements of introducing TSC in the concrete industry field. Also, it demon-
strates results from research work conducted in the last decade to address TSC in terms of grout property 
requirements and some important mechanical properties.

by using dewatering, caissons, tremie and anti-
washout admixtures (ACI-304 2005). Concrete 
shrinkage and consequently shrinkage cracking 
has been a growing concern. This has been the case 
in modern concrete work due to the use of higher 
content of cementitous materials, mineral admix-
tures, low water-to-cement ratio and extended 
exposure to severe conditions during service; all 
of which may contribute to increasing in concrete. 
Minimizing shrinkage can take place by adequate 
mix proportions, thorough curing and the use 
of shrinkage compensating cement (Abdelgader 
1999). On the other hand, using non-traditional 
concrete in engineering applications has been 
considered as an efficient solution to overcome 
challenges of limitations of the use of normal con-
ventional concrete. Such new types of concretes 
which have been developed and produced are 
completely dissimilar from the conventional con-
crete in the method of mixing, handling, pouring, 

1 INTRODUCTION

Normal conventional concrete is one of the most 
widely used construction materials in transporta-
tion and infrastructure projects among many other 
applications. The quality of concrete produced is 
highly influenced by its placement technique dur-
ing manufacturing (Neville 1981, Neville & Brooks 
1987). These techniques involve free-fall gravita-
tional placement, pumping, belt conveyors, tremie, 
and preplaced aggregate concrete ……etc. The goal 
when applying any of these techniques is to place 
concrete into the formwork with minimum segre-
gation, minimum honeycombing and maximum 
possible homogeneity of the concrete constituents 
(ACI-318 2008). Placing concrete underwater is a 
challenging task due to the risk of high washout 
of the concrete constituents while placement thus 
resulting in low quality concrete. To overcome such 
problem, underwater concreting can be performed 
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 consolidation,  behaviours, cost …….etc. Based on 
the technology of ready-mixed Self-Compacting 
Concrete (SCC), two types of concrete been intro-
duced and named as: Two-Stage Concrete (TSC) 
and Rock-Filled Concrete (RFC), (ACI-304 2005). 
In this paper we will consider the TSC in more 
details as will be seen in the next subtitles.

What is the TSC? As the name would suggest 
TSC is produced through a two-stage process. 
Firstly washed coarse aggregate is placed into the 
formwork in-situ. Later a specifically designed 
grout is introduced into the form from the low-
est point under gravity pressure to fill the voids, 
cementing the aggregate into a monolith (Abdel-
gader 1996), see Figure 1.

2 GENERAL ASPECTS OF TSC

2.1 Advantages

TSC differs from conventional concrete in having 
higher percentage of coarse aggregates which are 
placed in direct contact with each other resulting 
in fewer voids that are to be filled with the mortar/
grout. This low percentage of voids and direct con-
tact of aggregate particles should have a positive 
impact on the concrete properties both on short 
and long terms. Its main advantages could be sum-
marized as the following (ACI-304 2005 & Abdel-
gader 1996):

• Less shrinkage leading to less cracking
• Easier placement in difficult placement 

conditions
• Adequacy for underwater construction and 

repair
• Super mechanical and durability properties
• Ability for placement at remote locations
• Good environmental impact
• Reasonable cost.

2.2 Technical background

Mechanically TSC acts in a fundamentally differ-
ent way under external stress to traditional concrete 
where the concrete matrix absorbs, distributes and 
resists the stresses. Due to this point-to-point con-
tact in TSC all the stress is passed first through the 
stone skeleton then, after deformation of the stone 
particles, the grout both restrains the aggregate and 
transfers the loads (Nowek et al. 2007), as shown 
in Figure 2. The strength of TSC is a function of a 
number of variables, including the aggregate strength 
and the strength of the grout, in addition to further 
variables such as: water to cement ratio (w/c), cement 
to sand ratio (c/s) ….etc. (Abdelgader 1999).

2.3 Application of TSC

TSC is used where placing conventional concrete is 
extremely difficult, such as:

• Constructions include massive reinforcement 
steel and embedded items

• Underwater repairs.
• Concrete and masonry repairs, such as when 

spalling had occurred exposing the embedded 
reinforcement.

• Applications where shrinkage and heat of con-
crete must be kept to a minimum, such as dams.

• Applications where heavy weight aggregate used 
such as in the construction of nuclear reactors-
shields.

• In large volume foundations where there are par-
ticular technical considerations such as concerns 
over thermal cracking, mass shrinkage and cold 
joints.

2.4 Materials used

Similar to conventional concrete almost all materi-
als such as: cement, sand, coarse aggregate, water, 

Figure 1. Self  compacting grout technology. Figure 2. Stress transfer mechanism in TSC.
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pozzolana additives, admixtures and fibres, that 
comply with specifications can be used in TSC 
(ACI-304 2005).

2.5 Grout properties and flow

The grout typically consists of sand, cement, water, 
pozzolana, plasticizer/super-plasticizer and air 
entraining agents (for anticipated freeze and thaw 
problem, if  required). Good quality of TSC grout 
is characterised by high fluidity, low sedimentation, 
good viscosity, intensive hydration and a notable 
increase in the cement particles surface. The char-
acteristics of the grout are affected by water con-
tent, sand grading and content, cement, pozzolana, 
and the types and amounts of admixtures. For each 
mixture there are optimum amounts of fillers and 
admixtures which produce the best pumpability 
or consistency. The pozzolana and the plasticizer/
super-plasticizer are used to impart flow-ability to 
the grout and acted on both the mechanical and 
rheological properties of the grout (Abdelgader 
et al. 2003). The injection is achieved by pumping 
the grout through vertically mounted rigid pipes 
which almost reach the bottom of the section to 
be cast. As the grout is pumped into the form the 
injection pipes are slowly raised. Injection of grout 
into small units can be achieved by pumping into 
the bottom of the formwork at different elevations, 
(ACI-304 2005). Mathematically the description 
of propagation is very difficult. General empirical 
equation of propagation curve has been derived, 
(Abdelgader et al. 2012), and described in Equa-
tion1 as follows:

Y = α/{(bx2+)*[(γ/t) − (1/β) + 1](1/2)} (1)

where α = thickness of stone layer (m); β = (a × 
b × f); a = parameter dependent of mixture fluidity.; 
b = parameter dependent of stone: shape, size, kind 
of grain, surface, number and relation of fraction; 
f = Environment of construction; γ = (c × d × e); 
c = parameter dependent of efficiency of flushing 
pipe (m3/min.); d = parameter dependent of per-
foration; e = parameter dependent on the kind of 
excavation bottom; t = time (min.); x = distance 
from flushing pipe (m); y = level of mixture in 
stone (m).

3 EXPERIMENTAL INVESTIGATIONS

3.1 Materials

The cement used was ordinary Portland cement 
Type I with 28-days compressive strength of 
41 MPa and Blaine fineness of approximately 
3500 cm2/g. Cement properties conformed to 
ASTM standards (ASTM-C150 1994). The fine 

aggregate used was natural beach sand of specific 
gravity 2.63 and maximum size of 1.18 mm. Coarse 
aggregate used was angular basalt of specific grav-
ity 2.69, crushing value of 20.74%, abrasion value 
of 23.81%, and absorption value of 23.81%. Grad-
ing curves for both fine and coarse aggregate are 
presented in Figures 3 and 4, respectively. Both 
fine and coarse aggregate properties were found 
in accordance with ASTM standards (ASTM-C33 
1997). The super plasticizer used in the grout was a 
naphthalene–formaldehyde derivative, trade name 
‘SikaMent-163’ and was mixed at the rate of 2% 
by weight of cement. The expanding agent, trade 
name ‘Intraplast-Z’ was an aluminium powder-
based admixture; this was also used at the rate of 
2% by weight of cement.

3.2 Mixture proportions and sample preparation

Three different proportions of  sand–cement ratio 
(c/s), 0.5: 1, 1: 1 and 1.5: 1, with varying water-
cement ratios (w/c) of: 0.38, 0.55 and 0.80, were 
tried to determine the optimum mix  proportions, 

Figure 3. Sieve analysis results of fine aggregate.

Figure 4. Sieve analysis results of coarse aggregate.
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as shown in Table 1. A total of  360 standard 
 concrete cylinders (150 mm × 300 mm) were 
tested in unconfined compression and tension at 
28 days.

3.3 Consistency discussion

To measure consistency, both a flow cone and flow 
table tests were conducted (ASTM-C230 2001 & 
ASTM-C939 2010), as shown in Figure 5.  Fluidity 

Table 1. Grout mix proportions.

w/c c/s
Cement 
(Kg/m3)

Sand 
(Kg/m3)

0.38 0.5 295 590
1 421 421
1.5 525 350

0.55 0.5 282 564
1 407 407
1.5 338 338

0.8 0.5 265 530
1 396 396
1.5 490 326

Figure 5. Flow cone and flow meter setup.

results are presented in Table 2 and 3. Tests on 
 consistency demonstrated that the higher c/s ratio 
of 1.5 required much more water, whereby the flow 
cone depends on the time of flow while the flow 
table depends on the propagation of flow. For 
example, the w/c ratio 0.38 in the plain grout and 
expanding admixture at all c/s ratios is the mini-
mum ratio to obtain grout; it was not possible to 
penetrate all voids in the aggregate skeleton and 
higher pumping pressure was required to inject the 
grout. As a result of low w/c and high c/s ratios, 
the concrete specimen has a honeycombed struc-
ture with partial binding of the aggregate skeleton. 
Grout containing superplasticiser admixture at a 
w/c ratio of 0.38 and a c/s ratio of 1.5, on the other 
hand, filled visual voids and created a smooth sur-
face of the sides and ends of each cylinder (Abdel-
gader et al. 2008).

3.4 Compressive strength discussion

The compressive strength (fc′) of TSC was tested 
with and without admixture at 28 days. Sample of 
results is shown in Table 4. Based on the results, 
a relation for fc′ has been assumed, according to 
the design algorithm presented [14]. Equation (2) is 
an empirical equation derived from the experimen-
tal data for prediction of compressive strength of 
TSC (fc′) as the following:

fc′ = A + B * (w/c) + C * (w/c)D + E * (c/s) (2)

where: fc′ represents the estimated compressive 
strength of TSC, w/c is the water-to-cement ratio 
and c/s is the cement-to-sand ratio. A, B, C, D and 
E are regression coefficients presented in Table 5. 
Compressive strength without admixture was 
found to be lower than compressive strength with 
admixture (super plasticiser). The possible reason 
for this decrease in strength was the low fluidity of 
the grout. When high fluidity of grout was used 
(achieved by using super plasticiser at high w/c 
ratios), the compressive strength of TSC did not 
increase. The quality of TSC depends not only on 
the strength of grout but on its ability to expand 
while fluid and remove the traces of bleed water 
that collect under aggregate particles (King 1959 & 
ASTM-C494 2004).

With this idea of an expanding admixture, a 
blend of special metallic aluminium powder expan-
sion agent was used in the grout. The strength data, 
show that when using the expanding admixture 
the compressive strength of TSC was significantly 
increased. Super-plasticiser and expanding admix-
ture were used together among the four types of 
grouts.

The compressive strength was found to have the 
highest strength. This could be attributed to the 
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Table 2. Flow table test results in centimeters (cm).

w/c s/c
Without 
admixtures

Super-
plasticizers

Expanding 
admixtures

Expanding admixtures 
and super-pl.

0.38 0.5  0 4 4.5  5
1  0 5.5 5  6
1.5  3 6.5 5.5  7

0.55 0.5  8 9 8 10
1  9 10 10 12
1.5 10 11 12 14

0.8 0.5 15 1 15 16
1 16 18 16 17
1.5 17 19 17 18

Table 3. Flow cone test results in seconds (sec.).

w/c s/c
Without 
admixtures

Super-
plasticizers

Expanding 
admixtures

Expanding admixtures 
and super-pl.

0.38 0.5   0 155 158 153
1   0 151 153 148
1.5 180 146 150 148

0.55 0.5  94  91  86  80
1  90  87  84  75
1.5  85  83  83  70

0.8 0.5  40  31  32  30
1  37  29  31  31
1.5  35  28  30  29

Table 4. Average compressive strength results (MPa).

w/c 0.38 0.55 0.8
s/c 0.5 1 0.5  1 1.5 0.5  1
Without adm. – – 16 18 21 14 15
Super-palsticizer 16 17 18 20 21 14 16
Expanding admixture 15 17 17 18 20 17 18
Expanding adm. and 

super-plasticiers
19 19 19 20 23 18 19

Table 5. Regression results for equation (2).

Type of grout A B C D E
Correlation 
coefficient

Without adm. −4 11 4 −2 4 0.883
Super-palsticizer 44 −33 −3.3 −1.7 2 0.944
Expanding admixture −14 −40 68 0.5 3 0.891
Expanding adm. and 

super-plasticizers
−26 −88 127 0.5 1.9 0.66

following: (a) higher fluidity of grout using super 
plasticiser (which enables the grout to fill all the 
voids between aggregate particles) (b) expansion 
effect of grouts using expansion admixture to min-
imise bleeding and settlement of grout.

3.5 Tensile strength discussion

The tensile strength (ft) of TSC was investigated at 
28 days. Table 6 shows the values of experimental 
tensile strength in splitting mode. Equation (3) is an 
empirical equation derived from the  experimental 
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data for prediction of tensile strength of TSC (ft) 
in (MPa).

ft = A + B * (w/c) + C * (w/c)D + E * (c/s) (3)

where, ft represents the estimated tensile strength 
of TSC, w/c is the water-to-cement ratio and c/s is 
the cement-to-sand ratio.

Table 7 shows the values of the regression 
 coefficients. No cause was apparent for the rela-
tively high tensile strength. However, it is believed 
that the amount of coarse aggregate, method of 
placement and the greater mechanical interlock-
ing among the particles could be responsible for 
the high tensile strength. Failure in tension was 
restricted principally as a result of the line of frac-
ture which was occurred through the mortar and 
coarse aggregate.

3.6 Compressive-tensile strength relationship

From the results it appears that there is a good 
correlation between the compressive strength and 
tensile strength of TSC.

As the compressive strength increased with 
grout, the tensile strength was also found to 
increase in the same manner.

In the present work, however, Equation (4) was 
developed by regression analysis to relate tensile 
strength (ft) to compressive strength (fc′). The rela-
tionship between the compressive strength and the 
tensile strength of different grout proportions is 
shown in Figures 6 to 9 for different admixtures.

ft  = A + (B) × fc′ + (C) × (fc′)D (4)

Table 6. Average tensile strength results (MPa).

w/c 0.38 0.55 0.8
s/c 0.5 1 0.5 1 1.5 0.5 1
Without adm. – – 2.2 2.4 2.6 1.8 2.3
Super-palsticizer 1.7 2.0 2.4 2.7 2.8 2.2 2.4
Expanding admixture 1.6 1.9 2.4 2.6 2.8 2.3 2.6
Expanding adm. and 

super-plasticizers
1.8 2.1 2.8 2.9 3.4 2.4 2.6

Table 7. Regression results for equation (3).

Type of grout A B C D E
Correlation 
coefficient

Without adm. −0.3 1.2 0.6 −1.3 0.5 0.833
Super-palsticizer −13 −25 39 0.5 0.3 0.86
Expanding admixture −12 −23 36 0.5 0.4 0.96
Expanding adm. and 

super-plasticizers
9.8 −7.4 −1.4 −1.4 0.4 0.855

Figure 6. Compressive strength versus tensile strength.

Figure 7. Compressive strength versus tensile strength.
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where: ft is tensile strength and fc` is the com-
pressive strength. Table 8 shows the values of the 
regression coefficients.

4 CONCLUSIONS

• As the method of placement in TSC is entirely 
different from that of NC, a suitable admixture 
is necessary to satisfy the requirement for the 
pumping ability of grout. The expanding admix-
ture was found to be the most suitable admix-
ture as it provided higher fluidity with minimum 
bleeding.

• The compressive strength and tensile strength 
of  TSC was tested with and without admixture 
at 28 days for all grout proportions. On the 
basis of  the results, a correlation between the 
strength and grout proportions was statistically 
derived.

• The fractured specimens of TSC showed that a 
large proportion of failures occurred by crack-
ing through the coarse aggregate particles.

• The authors believe that there are many aspects 
of TSC that require clarification through fur-
ther theoretical and experimental studies such 
as: energy dissipation, failure mechanism and 
cracking, shrinkage, creep and other time 
dependent deformations.
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ABSTRACT: A lot of concrete dams and their ancillary buildings need to be repaired because of freez-
ing and thawing, scour and erosion. For large area concrete repair, replacement of concrete is a good 
choice, especially when the depth of the repairing area exceeds 6 inches. But this method has some dis-
advantages in some aspects, compared with the cement or polymer mortar. For example, the durability, 
interface bond strength, and the complicated repair procedure. In this study we developed a Polymer 
Modified Self  Compacting Concrete (PMSCC) which can achieve self  compaction without any vibration. 
Experimental results show that the tensile strength of the PMSCC is 3.63 MPa at 28 days, the ultimate 
tension strain is 179 microstrain increased by 54.3% compared with Portland cement self  compacting 
concrete, and the relative dynamic modulus of elasticity is 97% after 300 times freezing and thawing cir-
cles. Simulation test shows that the interfacial bond strength between new and old concrete is higher than 
1.56 MPa without any adhesives. In addition, finite element analysis results show that appropriate setting 
joints could effectively avoid thermal cracks during the operation stage. PMSCC has the features of “high 
anti-crack ability, good durability and high bond strength” which is suitable for the replacement of large 
area deterioration concrete, especially for the dam upstream concrete.

The paper is aiming at development a poly-
mer modified self-compacting concrete used as 
replacement concrete for the old structure, using 
the improvement effect of polymer latex on cement 
based materials and the construction superiority 
of self-compacting concrete. It will be suitable for 
the replacement of large area freezing-thawing or 
erosion damaged hydraulic concrete, as well as the 
strengthening and reinforcement of the beams, col-
umns and other building components with unsatis-
fied strength or density.

2 MATERIALS AND CONCRETE 
MIX PROPORTION

Cement: ordinary Portland cement (P.O 42.5);
Mineral admixture: class II and F fly ash;
Fine aggregate: limestone manufactured sand 

with a fineness modulus of 2.63 and dust content 
of 18.7%;

Coarse aggregate: natural gravel with a maxi-
mum aggregate size of 20 mm;

Polymer: non-entraining acrylic emulsion with 
solid content of 47%,

Fiber: 6 mm polypropylene fiber;
Chemical admixture: high-performance water 

reducing agent.

1 INTRODUCTION

For concrete repair, there are lots of materials and 
techniques could be selected, but people are most 
concerned about the durability of patching materi-
als, bond strength between the new and old concrete 
as well as the integrity of structure after repairing. 
Therefore, to determine the repair scheme we must 
take account of the particularities of the projects 
and its adaptation of the plans. Replacement 
with new concrete will not change the building 
structures, and the patching materials could be in 
accordance with the constitutive relation and the 
deformation properties in the maximum range to 
improve the integrity of structures. The building 
restores to its initial profile after repair.

Polymer cement concrete (known as polymer 
Modified concrete), due to the accumulation film 
formation effect of polymer material, has many 
excellent properties, such as tensile strength, bond-
ing strength, water resistance and durability, etc., 
while its porosity must be reduced. Therefore, we 
use a non-air entraining acrylic latex as the modifier. 
The concept of self-compacting concrete was first 
proposed by a Japanese scholar named Okamura in 
1986. Afterwards, self-compacting concrete became 
popular all over the world because of its unique con-
struction superiority, good strength and durability.
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Concrete mix proportions are shown in Table 1. 
There are three mix proportions including normal 
Self-Compacting Concrete (SCC) and polymer 
modified self-compacting concrete (PMSCC-1 and 
PMSCC-2). Concrete samples are made without 
vibration. Curing Method is 7 days wet curing plus 
21 days dry curing.

3 EXPERIMENT RESULTS 
AND DISCUSSION

3.1 Fresh concrete

The Fresh concrete of PMSCC can be seen in 
Photo 1. It has a good workability and stability. 
Its slump flow is over 660 mm and the extension 
time T500 is less than 2 s, which has reached SF2 
class and VS2 grade level filling ability specified in 
JGJ/T 283. It can be used for structures which have 
more reinforcement or buildings with high require-
ment for concrete appearance.

3.2 Hardened concrete

Test results of compressive strength, tensile 
strength, and modulus of elasticity are listed in 
Table 2. Compared with SCC, the compressive 
strength of PMSCC-1 which has only 9.4% solid 
polymer (percentage of all binding materials, in 
mass) is 31.8 MPa reduced by 12.8 MPa, direct 
tensile strength is 3.19 MPa reduced by 0.02 MPa, 
and modulus of elasticity is 23.1GPa reduced 
by 7.5GP. For the PMSCC-2, the compressive 
strength is 37.0 MPa reduced by 7.6 MPa, tensile 
strength is 3.63 MPa increased by 0.42 MPa, and 
elastic modulus is 23.5GPa reduced by 7.1GPa. 
Thus, we confirm that adding polymer latex sig-
nificantly reduces the brittleness of concrete, and 
has a higher ratio of tensile strength and compres-
sive strength.

Ultimate tension strain is in response to the ulti-
mate deformation ability of concrete under tensile 
stress, which is tested according to DL/T 5150. 
Trying to increase the ultimate tension strain of 
concrete can reduce the cracks due to shrinkage or 
temperature stress. For the thin layer replacement 
concrete, trying to increase its ultimate tension 
strain could reduce the interface stress between old 

and new concrete and decrease the risk of cracking 
effectively. The results show that ultimate tension 
strain of PMSCC is significantly improved after 
adding latex. At 28 days, ultimate tension strain of 
PMSCC-1 is 147 με increased by 26.7% compared 
with SCC. Ultimate tension strain of PMSCC-2 is 
179 με increased by 54.3%.

Concrete durability tests were performed accord-
ing to ASTM C 803, ASTM C 666 and ASTM C 
1202. From the test results in Table 2, we confirm 
that PMSCC has good durability and corrosion 
resistance which attribute to the following two rea-
sons: First, polymer particles can reduce the poros-
ity of slurry, with significant effects especially for 
sealing connection pores; second, the polymer film 
has good waterproof performance.

Autogenous volume change, although it may 
occasionally be an expansion, is usually shrinkage 
and is entirely a result of chemical reaction within 
the concrete and aging, which has a great effect 
on concrete anti-crack ability. Test results show 
that, at 28 days, 90 days, the autogenous volume 
deformation of PMSCC-1 is expansion, while the 
autogenous volume deformation of SCC is shrink-
age. Till 160 days, they are all getting to be shrink-
age, and the value is 4 με and 44 με respectively. 
Obviously, PMSCC has less autogenous volume 
shrinkage than SSCCC (Fig. 1).

Dry shrinkage of hardened concrete is usually 
occasioned by the drying and shrinking of the 

Table 1. Concrete mix proportions (kg/m3).

No. Water Cement Fly ash Sand Stone Acrylic emulsion Water reducer Fiber

SCC 180 300 200 825 767 – 6.5 0.45
PMSCC-1 123 300 200 765 711 100 6.0 0.45
PMSCC-2 123 400 100 777 693 100 6.0 0.45

Photo 1. Polymer Modified Self-Compacting Concrete.
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aggregate; cement hydration is performed simul-
taneously with the polymer, finally forming the 
interpenetrating network structure which cement 
paste and polymer film mutually intertwined. For 
the polymer modified self-compacting concrete, its 
compressive strength decreased, but the ratio of 
tension and compression significantly increased; 
elastic modulus significantly decreased, plasticity 
increased; due to the formation of the polymer 
film and the plugging effect on connection gap in 
concrete. Frost resistance, permeability, and the 
resistance to chloride ion penetration of concrete 
are all improved significantly. In addition, the 
modification can significantly reduce the autoge-
nously volume deformation and the dry shrinkage 
of concrete because of the water retention prop-
erty of polymer film. In summary, PMSCC used 
as replacement concrete has features of “self-com-
pacted, high anti-crack ability, good durability”, 
which could effectively reduce the interface stress 
between the new and old concrete and improve the 
integrity of repair structure.

3.3 Bond strength between new and old concrete

Using replacement concrete to repair or to rein-
force damaged concrete structure, maximally 
guarantee the similarity of repair materials and 
old concrete in terms of performances and defor-
mation, but the interfacial bond strength is often 
smaller than the bond strength of mortar. There-
fore, people are more concerned about the bond-
ing issue between new and old concrete. Here a 
examination was performed, which is to simulate 
the repair of concrete beam and column with the 
PMSCC (Photo 2). Two concrete prisms with the 
size of 400 mm × 400 mm × 1600 mm, which suf-
fered freeze-thaw damage, are selected as samples 
to be repaired. Remove the surface frosted concrete 
exposing fresh surface and clean with water. Install 
sheet steel form around the samples, assuring the 
repair layer thickness between 70 mm and 80 mm. 
Pour Polymer-Modified Self-Compacting Con-
crete (PMSCC-2) into the gaps. Note that there is 

Table 2. Hardened concrete properties.

No.

Compressive 
strength 
(MPa)

Tensile 
strength
(MPa)

Modulus 
of elasticity 
(GPa)

Ultimate 
tension 
strain 
(millionths)

Permeability 
coefficient 
(m/s × 10−12) DF

Ability to resist 
chloride ion 
penetration 
(coulomb)

7d 28d 7d 28d 7d 28d 7d 28d 28d 28d 28d

SCC 25.0 44.6 2.57 3.21 25.5 30.6 111 116 0.5 90 –
PMSCC-1 22.1 31.8 2.27 3.19 18.1 23.1 137 147 0.7 95 –
PMSCC-2 29.0 37.0 2.90 3.63 20.1 23.5 170 179 0.3 97 820C

Figure 1. Autogenous volume deformation of concrete.

Figure 2. Dry shrinkage of concrete.

cement gel that is formed by hydration of Portland 
cement. Test results show that dry shrinkage of 
PMSCC-1 is 289 με at 28 days, and is significantly 
smaller than the dry shrinkage of SCC (Fig. 2).

For thin layer replacement concrete, trying to 
reduce the autogenous volume shrinkage and the 
dry shrinkage could significantly reduce decrease 
its cracks and the interface shear stress between 
new and old concrete, and improve the integrity of 
structures after repairing.

Regarding the modifying mechanism of polymer 
on cement mortar and concrete, the current con-
sistent view is: the improvement effect is achieved 
through the film, which is formed by polymer 
with higher cohesive strength, within the cement 
paste or the transition zone of cement paste and 
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not any interface adhesives. Removed forms after 
7 days. The surface condition of the concrete sam-
ple is shown in Photo 2.

After maintenance 28 days, conduct pullout 
tests to test the bond strength between new and 
old concrete. The test results and section position 
description are shown in Table 3.

For the diameter of 141.7 mm, the maximum 
pullout strength is 3.12 MPa, the minimum pull-
out strength is 1.56 MPa, and the average value 
is 2.27 MPa. For the diameter of 93.6 mm, the 
maximum pullout strength is 2.67 MPa, the mini-
mum pullout strength is 1.78 MPa, and the average 
value is 2.26 MPa. Observation the pull sections: 
the minimum pull strength specimen is broken 
at the locations of foundation concrete. In light 
of this, PMSCC has good bond strength with the 
foundation concrete, the interfacial bond strength 
is not less than 1.56 MPa, and the average is above 
2.26 MPa.

For the new and old concrete interface with-
out planted-bar, the interface adhesion has three 
kinds: mechanical engaging forces, Van der Waal’s 
forces and chemical acting force. PMSCC assure a 
high bond strength with the foundation concrete 
from the following three aspects: firstly, polymer 

Photo 2. Concrete samples before and after repair (a1)and (a2) before repair, (b) after repair.

Table 3. Bond strength between new and old concrete.

Sample 
diameter
(mm)

Load
(KN)

Pull strength (MPa)

NoteSingle Average

141.7 24.5 1.56 2.27 Sub-layer old concrete broken
38.9 2.47 The interface of new and old concrete break off, 

there is aggregate at the broken surface30.6 1.94
49.3 3.12 The interface break, the broken section has the 

aggregate less than 20 mm
93.6 16.0 2.33 2.26 The pull head and the concrete bonding surface 

broken
Lower layer old concrete broken, there is aggregate 

greater than 40 mm at the broken section

15.6 2.26
18.4 2.67
12.3 1.78

modified self-compacting concrete has a lot of 
bonding materials, the growth of a lot of hydra-
tion products which mix to the interspaces in the 
old concrete surface to form a dense structure, 
can significantly improve the mechanical engaging 
force of the new and old concrete interface; sec-
ondly, the accumulation effect of the polymer par-
ticles can significantly improve the Van der Waal’s 
force of the interface; thirdly, foundation concrete 
surfaces need no interface agent, the use of high 
adhesive material of polymer modified self—com-
pacting concrete, and the incorporation of fly ash, 
improve the chemical forces of the interface by the 
hydration reaction of adhesive materials between 
the old and new concrete.

4 SIMULATION

A numerical simulation of a patch repair system 
with PMSCC is presented. The repair system con-
sists of a 0.08 m thick(h1) repair layer cast over 
a 0.4 m thick(h0) and 0.4 m wide(w) substrate as 
shown in Figure 3. Simulation of four different 
lengths is done and the length (L) is 0.4 m, 0.8 m, 
1.2 m, and 1.6 m respectively.
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Figure 3. Patch repair system.

Figure 4. Maximum principal stresses for PMSCC (+ tensile, − compressive).

The thermal and mechanical characteristics of 
the repair layer are as follows:

Modulus of elasticity: E1 = 23.5 × 103 MPa
Poisson's ratio: μ1 = 0.167
Thermal expansion coefficient: α0 = 4.3 × 10−6 °C−1, 
α1 = 7.7 × 10−6 °C−1

Simulation of the temperature drop: ΔT = −20 °C.

The stress inside the PMSCC is due to the repair 
material and the substrate with different coef-
ficients of thermal expansion, and the deforma-
tion is constrained. Therefore, simulation is only 
for the repair layer, and the repair body bottom in 
the direction normal is to the fixed constraint. The 
repair layer is discretized using four-node isopara-
metric element. Figure 4 is the repair layer the max-
imum principal stress distribution nephogram.

It can be seen from Figure 4 that there exists 
larger stress in the interface between the PMSCC 
and the substrate, with the increase of patch 
length, the maximum principal stress is also 
increasing. When the repair layer is greater than 
1.2 m in length, the maximum principal stress does 
not increase anymore. Length of the repair layer 
(L) is 0.4 m, 0.8 m, 1.2 m and 1.6 m; the maximum 
principal stress is respectively 1.90 MPa, 1.92 MPa, 
1.93 MPa and 1.93 MPa. The maximum princi-
pal stress is lower than the tensile strength of the 
repair material PMSCC, also lower than the inter-
face bond strength.

It is confirm that a reasonable set of joints 
determined by numerical simulation can effectively 
reduce the cracking risk of the repair material and 
the Interface delamination. For PMSCC used as 
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concrete replacement, the length of repair layer 
can be greater than 1.2 m.

5 CONCLUSION

In this study we have successfully produced the pol-
ymer modified self-compacting concrete with non-
entraining acrylic latex, which is suitable for the 
old concrete repair by replacement.  Performances 
test and simulations experiment results show that 
the concrete has the features of “self-compaction, 
high plasticity, high anti-crack ability, good dura-
bility and corrosion resistance”, and has good 
bond strength with the foundation concrete. Finite 
element analysis results show that appropriate set-
ting joints could effectively avoid cracks appearing 
of the PMSCC during the operation stage.
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Using steel fibered high strength concrete for repairing continuous 
normal strength concrete bending elements

K. Holschemacher
University of Applied Sciences, Leipzig, Germany 

I. Iskhakov & Y. Ribakov
Ariel University, Ariel, Israel 

ABSTRACT: Using Steel Fibered High Strength Concrete (SFHSC) for repairing normal strength con-
crete bending elements has been previously proved to be effective for statically determined beams. After 
repairing using this method a beam becomes a two-layer element that consists of SFHSC in the com-
pressed zone and Normal Strength Concrete (NSC) without fibers in the tensile one. The present study is 
focused on experimental investigation of statically non-determined Two-Layer Beam (TLB). A two-span 
TLB was tested under concentrated loads acting in the middle of each span. The concrete classes for NSC 
and SFHSC were selected based on the results of previous studies. An optimal steel fibers’ content for the 
SFHSC was 40 kg/m3. The tests were focused on investigating the load-deflection relationships, bonding 
between the SFHSC and NSC layers, transfer of shear between the layers and Poisson deformations in the 
SFHSC layer. The tested beam exhibited proper behavior under the design load. After the design load was 
achieved the forces were further increased. The test has demonstrated that when the load was about 150% 
of the design value cracks propagated through the whole NSC layer, but not appeared at the SFHSC one. 
The experimental data, obtained in the frame of this study, proves that SFHSC is a very effective material 
for repairing existing NSC structures.

able to enhance the structural capacity of cracked 
concrete slabs.

Ultra High Performance Fiber Reinforced Con-
crete (UHPFRC) is effective for rehabilitation of 
existing concrete structures (Oesterlee et al., 2009). 
A thin layer of UHPFRC, casted on existing Nor-
mal Strength Concrete (NSC) element, increases 
its load bearing capacity and serviceability.

This idea was further validated (Bruhwiler & 
Denarie, 2008). It combines protection and resist-
ance functions of UHPFRC with NSC. The reha-
bilitated full-scale structures have also significantly 
improved durability.

The authors have demonstrated before that 
roof beams, in which a part of their section comes 
above the slab, and subjected to aggressive sur-
rounding environment, can be repaired using the 
idea of two-layer bending elements (Iskhakov & 
Ribakov, 2007). In such beams the damaged part 
is replaced by a steel fibred high strength concrete 
(Iskhakov et al., 2013).

The optimal fiber weight ratio is selected based on 
the ductility level requirements (Iskhakov & Ribakov, 
2011). Steel fibers have little effect on beams’ elastic 
deformations, but increase the ultimate ones, due to 
the additional energy dissipation potential of fibers.

1 INTRODUCTION

Concrete structures repairing can be carried out 
for restoring the original structural shape and 
strengthening the damaged elements. There are dif-
ferent techniques for retrofitting and strengthening 
of reinforced concrete structures.

Known methods include steel plate bonding, 
external pre-stressing, section enlargement, and 
reinforced concrete jacketing. Although the first 
two methods increase the elements load bearing 
capacity and also disposed to corrosion (Banu & 
Taranu, 2010). Strengthening by section enlarge-
ment can be performed by adding a new concrete 
layer to the structural element. The most impor-
tant issue in this case is to ensure proper bonding 
between the concrete of the existing element and 
that, applied for its strengthening.

Thanoon et al. (2005) have studied the struc-
tural behavior of cracked reinforced concrete one-
way slab, repaired using five techniques: cement 
grout, epoxy injection, ferro-cement layer, carbon 
fibre strip and section enlargement. The efficiency 
of the selected repair and strengthening techniques 
and their effects on the structural behavior had 
been analyzed. All techniques were found to be 
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A method for obtaining the class of Steel Fibred 
High Strength Concrete (SFHSC) and the load 
bearing capacity of simple supported beams after 
retrofitting was proposed (Iskhakov et al., 2011). 
With this aim experimental investigations were 
carried out. SFHSC cubic and cylindrical speci-
mens as well as short two-layer beams, made of 
NSC in the tensile zone and SFHSC in the com-
pressed one, were tested. These experimental results 
together with those, obtained by Bruhwiler & 
Denarie (2008) and Oesterlee et al. (2009), show 
a promising way for using SFHSC for repairing 
damaged beams and slabs.

A logical extension of the authors’ previous work 
(Iskhakov et al., 2013) is repairing of a Continu-
ous Two-Layer Beam (CTLB), which is a focus of 
the current study. As it was mentioned above, the 
roof beams are subjected to aggressive surrounding 
environment that causes sufficient damage to NSC 
and corrosion in the reinforcing steel. A similar 
problem is relevant for roof one directional slabs.

From the technological viewpoint, repairing the 
upper zone of a continuous structure is a rather 
easy task. A more complicated problem is repair-
ing the bottom zone of the structure. The problem 
can be solved using a number of methods, like 
replacing the old damaged structure by a new two-
layer one, using temporary columns to unload the 
middle supports with negative bending moments, 
etc. The present work is focused on experimental 
investigation of CTLB, assuming that the first 
methodology is used.

2 AIMS AND SCOPE

In the recent years two-layer concrete beams with 
NSC in the tensile zone and SFHSC in the com-
pressed one was intensively investigated theoreti-
cally (Iskhakov & Ribakov, 2011). Simple supported 
full-scale TLB were tested (Iskhakov et al., 2014). 
A logical extension of these tests is experimental 
investigation of a Continuous Two-Layer Beam 
(CTLB), which is a focus of the current study.

The experimental study on full-scale continu-
ous TLB is based on results of previous theoreti-
cal investigations (Iskhakov & Ribakov, 2011). An 
optimal fiber content in the HSC layer, obtained 
by testing small-scale specimens (Holschemacher 
et al., 2012), was used.

The experiments are aimed at studying the role 
of steel fibers in the HSC layer to provide a basis 
for developing design provisions for RC CTLB. An 
additional issue studied in this work is the influ-
ence of the bending moments with different signs 
on the CTLB behavior.

SFHSC was casted just in the compressed section 
zone according to the bending moments’ diagram 

(Fig. 1). Interaction between the concrete layers in 
longitudinal direction of the continuous beam is 
studied. The concept of selecting the SFHSC layer 
depth, equal to that of the compressed section 
zone was also verified.

3 EXPERIMENTAL PROGRAMM

The investigation included testing of the following 
specimens:

– 3 NSC and 3 SFHSC cubes to obtain the com-
pression strength;

– 3 NSC and 3 SFHSC cubes to obtain the split-
ting tensile strength;

– 3 SFHSC cylindrical specimens for obtaining 
the modulus of elasticity;

– a full scale CTLB was tested under five-point 
loading.

The steel fibres, used in this study, were like at 
the previous research stages—straight fibres with 
end hooks. Their ultimate tensile strength was 
1100 MPa. The fibres have a length of  50 mm and 
a diameter of  1 mm. The number of  fibres per 
kg is 3150. The applied fibres weight ratio was 
40 kg/m3.

Additionally to the fibres, the following materi-
als were used for preparing the concrete mixture:

– Portland cement CEM II/A-LL 42.5 N with 
granulated slag and limestone between 6 and 
20%, density of 3.05 kg/dm3 for HSC and Port-
land cement CEM I 42.5 N—for NSC;

– fly ash with density of 2.3 kg/dm3 and grain 
between 2 and 290 μm;

– poly-carboxylic ether-based super-plasticizer 
with a density of about 1.07 kg/dm3;

– long-term retarder with a density of 1.17 kg/dm3;
– natural sand with a fraction size of 0 to 2 mm;
– two different types of gravel with fraction sizes 

of 2 to 8 mm and 8 to 16 mm.

Figure 1. CTLB bending moments diagram and corre-
sponding NSC and SFHSC layers layout.
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Sand and gravel had a specific density of 
2.65 kg/dm3.

The beam was reinforced with normal ductile 
steel bars with an ultimate strain of 25 ‰. The 
modulus of elasticity, yield strength, and ultimate 
strength of the reinforcing steel were 200 GPa, 
500 MPa, and 525 MPa, respectively. A detailed 
reinforcement scheme of the beam is shown in 
Figure 2.

Concrete compressive and splitting tensile 
strengths were measured for six 15 cm cubes—
three for NSC and three for SFHSC. The SFHSC 
elasticity modulus was found by testing three 
cylinders with a height of  20 cm and a diameter 
of  15 cm. Results of  these tests are presented in 
Tables 1–4.

The CTLB was tested under five-point loading. 
Before testing the beam between the outer supports 
was divided into 19 sections, the length of each one 
was 20 cm. The external forces were applied using a 
manually activated actuator.

The following measuring devises were installed 
on the beam:

– two LVDTs for measuring the deflections under 
each concentrated load;

– one LVDT for measuring the middle support 
uplift;

– three LVDTs for measuring horizontal shear 
deformations between the NSC and SFHSC 
layers;

− three LVDTs for measuring vertical shear defor-
mations between the NSC and SFHSC layers;

– two LVDTs for measuring the Poisson deforma-
tions in the upper SFHSC layers;

– two load cells under the concentrated forces.

The loads were applied by steps and at each 
step cracks openings were measured. Additionally, 
the interaction between the concrete layers was 
controlled.

At the first and second steps the load cor-
responded to 50% and 100% of the calculated 
cracking moment, respectively. The deflection at 
the middle of  each span for both steps was less 
than 1 mm. The third load step corresponded to 
1 mm deflection in the middle of  each span and 
to beginning of  crack formation. The following 
load steps were 2, 3, 4, 5, 8, 10 and 14 mm. For 
loading steps, corresponding to mid span deflec-
tion from 10 mm to 14 mm, crack formation has 
almost completed.

During the external loads application, cracks’ 
appearing and opening were recorded. The first 
cracks appeared at the third load step, when the 
mid span deflections were 1 mm. The cracks Figure 2. The CTLB reinforcement scheme.

Table 1. Margin settings for A4 size paper and letter size paper.

Specimen Weight [kg] l [cm] b [cm] h [cm] ρ [kg/dm3] Load [kN] fcm [MPa]

1 8.0470 15.1 15 15 2.369 889.7 39.28
2 7.9505 15.1 15 15 2.340 855.7 37.78
3 8.1050 15.25 15 15 2.362 896.8 39.21

Table 2. Compressive strength of SFHSC cubic specimens.

Specimen Weight [kg] l [cm] b [cm] h [cm] ρ [kg/dm3] Load [kN] fcm [MPa]

1 8.3251 15.15 15 15 2.442 1862.3 81.95
2 8.3150 15.15 15 15 2.439 1814.8 79.86
3 8.1376 15 15 15 2.411 1735.0 77.11
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appeared above the middle support, where the 
maximum negative moment appears. The width of 
the cracks was 0.05 mm. When the mid span deflec-
tions reached the value of 14 mm (about 1/140 of 
the span), the maximum cracks’ width was 2.5 mm. 

Table 3. Splitting tensile strength of SFHSC (FWR = 40 kg/m3).

Specimen Weight [kg] l [cm] b [cm] h [cm] ρ [kg/dm3] Load [kN] fcm [MPa]

1 8.3399 15 15.25 15 2.431 202.8 5.67
2 8.4623 15 15.4 15 2.442 190.2 5.27
3 8.4282 15 15.2 15 2.464 187.3 5.26

Table 4. Modulus of elasticity of SFHSC.

Specimen Weight [kg] l [cm] b [cm] h [cm] ρ [kg/dm3] Em [N/mm2]

1 3.8494 15 15 20.2 1.078 39513
2 3.8061 15 15 20.05 1.074 38669
3 3.8546 15 15 20.2 1.080 39221

Figure 3. Crack patterns in the tested beam: a—above 
the middle support; b—in the mid span.

Figure 4. Load—deflection curves in the middle of the 
spans (D1 and D2) and the middle support uplift (D3).

A crack with maximum width appeared at the same 
section. It is obvious that this stage corresponds to 
the CTLB failure.

A typical crack patterns above the middle sup-
port and in the mid span of the beam is shown in 
Figure 3. Section 5 is subjected to the maximum 
positive bending moment. The cracks propagate 
up to the SFHSC layer. It proves the assumption 
that the SFHSC layer depth in continuous beams 
should be equal to that of the compressed zone.

Experimentally obtained deflections at the mid 
spans of the beam and above the middle support 
are given in Figure 4. The graph demonstrates 
an elastic—plastic behavior of the beam at the 
post-cracking range. Thus, it experimentally con-
firms that, as for simple supported TLB (Iskhakov 
et al., 2014) also for the investigated continuous 
beam, proper selection of steel fiber content allows 
achieving the desired ductile behavior, in spite that 
the beam’s compressed zone is made of brittle 
HSC. The force-deflection lines on the graph are 
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smooth. It demonstrates that there is proper inter-
action between the SFHSC and NSC layers.

The maximum Poisson strain in SFHSC was 
0.2 ⋅ 10−3 that corresponds to the HSC properties. 
It should be noted that the maximum One of the 
aims of the present study was analysis of SFHSC 
and NSC layers’ interaction in horizontal and ver-
tical directions. Six LVDTs were installed for this 
reason—three for measuring horizontal deforma-
tions between the layers and other three—for verti-
cal ones.

The border between the SFHSC and NSC layers 
corresponds to the neutral axis of the CTLB  section 
therefore the above-mentioned deformations cor-
respond to pure shear. The maximum horizontal 
deformations’ values are about 2‰ in both spans. 
This deformation corresponds to elastic-plastic 
deformation of compressed concrete. Therefore, at 
pure shear non-linear deformations can appear in 
concrete. At the same time, the deformations near 
the middle support are minimal and are practically 
negligible.

The maximal values of vertical shear deforma-
tions are about 50 times lower than the horizontal 
ones. It proves that there is no de-bonding between 
the layers and that the CTLB withstands the design 
load. It should be noted that these deformations 
are approximately equal at the beam spans and 
above the middle support.

4 CONCLUSIONS

The study focused on testing a continuous two 
span two-layer reinforced concrete beam for veri-
fying the suitability of a TLB idea for repairing 
continuous RC beams.. The main aim of the study 
was testing the behavior of an RC CTLB under 
positive and negative bending moments.

Solution for the problem of the SFHSC layer 
thickness and its location along the continuous 
beam, which is very important for repaired ele-
ments, was found: the thickness of the layer is 
equal to the section compressed zone depth and 
length of the layer corresponds to the distance 
between the zero values in the bending moments’ 
diagram.

Interaction of SF HSC and NSC layers was 
studied to prove the efficiency of such beams for 
real structures that require repairing.

The CTLB was designed according to previously 
developed methodology. No horizontal or vertical 

cracks between the layers appeared up to the ulti-
mate limit state. It proves that such methodology is 
effective for repairing continuous RC beams.

Thus, continuous two-layer RC beams cor-
respond to all requirements of existing design 
codes and recommended for practical application 
as effective and economical method for repairing 
bending structures.
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ABSTRACT: Cathodic Protection (CP) is a widely used method to protect steel reinforcements 
against corrosion. In the course of the last half century, it has been established as a proven system for 
repairing corrosion-affected reinforced concrete structures, which have mainly been damaged by chloride-
induced corrosion. The impressed current anode system for the protection of steel in concrete is latest state 
of technology. The CP anodes can be embedded in mortar, as coating or distinct anode on the repair struc-
ture surface and exposed to external current. In this way, the potential of carbon steel is shifted in cathodic 
direction and the anodic dissolution of carbon steel is suppressed. The current densities on the surface of the 
reinforcement play a key role in the shifting of the potential in cathodic direction. Nowadays, Mixed Metal 
Oxide coated Titanium (MMO) is used as an anode material for CP due to its high durability under anodic 
polarization. Also other materials such as carbon fibers are being studied. Carbon textiles in combination 
with mortar, which provide high mechanical properties and are also conductive, have not been studied sys-
tematically so far. In this paper investigations are described, which have been carried out in order to evaluate 
the capabilities of different carbon-textile anodes and different mortar mixtures for the cathodic protection 
of steel in concrete. In order to evaluate the polarization behavior of carbon-textile in mortar, galvanostatic 
experiments were performed. Based on these experiments, current density-potential-curves were derived.

If the component, however, is continuously satu-
rated with water or for preventive CP, a current den-
sity of 0.2 mA/m2 to 2 mA/m2 can be considered.

1.1 Textile reinforced concrete

Textile reinforced concrete is a composite system 
of cement based concrete with glass or carbon 

1 INTRODUCTION

In order to protect constructions in aggressive envi-
ronment and restrict the cross-sectional reduction 
of the reinforcement, repair actions are required. 
Raupach (2001) To achieve this objective, it is nec-
essary to inhibit one of the two partial reactions 
(anodic/cathodic) of the corrosion process. Cathodic 
Protection (CP) is allocated to the process, which 
suppresses the anodic partial reaction. An advantage 
of CP is that chloride contaminated concrete does 
not have to be removed and almost non-destructive 
repair is still possible. Raupach (1992).

Figure 1 illustrates the principle of CP as 
follows: By embedding an inert anode, the rein-
forcement is applied selectively via a DC source 
with an impressed current. Raupach (1992) This 
current causes an excess of electrons in the rein-
forcement which makes the reinforcement act as 
a cathode. Thereby, the corrosion processes are 
reduced to an acceptable level.

To prevent the anodic dissolution of iron, a CP 
system for uncoated steel in concrete buildings 
is typically operated at current densities between 
2 mA/m2 to 20 mA/m2. DIN EN ISO 12696 
(2012).

Figure 1. Concept of cathodic protection with an inert 
external-current-anode according to Boehni (1990).
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fiber meshes as a reinforcing material. By using 
this material, it is possible to achieve low compo-
nent thicknesses. This is due to the durability of 
textile reinforced concrete, as no thick concrete 
cover in the range of 2–5 cm such as for reinforced 
concrete is necessary.

Conventional CP systems located on the mar-
ket function with MMO coated titanium as anode 
material. However, the use of technical textiles 
as anode material would have advantages to this 
material. Compared to traditional repair meas-
ures, the use of Textile Concrete is considered to 
be more environmentally friendly and the repair of 
a corrosion-damaged component could be more 
resource-efficient and cost-effective. Furthermore, 
textile reinforced concrete has several considerable 
advantages regarding serviceability and durability 
compared to traditional steel reinforced concrete.

2 EXPERIMENT SETUP 
AND TEST PROCEDURE

The test setup presented in Figure 2 was selected 
to simulate a component surface. The undermost 
layer of concrete containing reinforcement (here: 
MMO coated titanium), while the subsequent 
layer of concrete simulates the concrete cover. To 
simulate the reinforcement the MMO coated tita-
nium was used, because this material can produce 
a homogeneous electric field due to its chemical 
inertness and reticular structure. Carbon Textile 
is applied onto the component surface by means 

of a specially developed mortar. Thus, a renova-
tion of a corrosion-damaged concrete component 
is simulated. For the measurements suitable refer-
ence electrodes were required. Electrolyte bridges 
were placed in the specimens to be able to con-
nect external reference electrodes to the specimen 
(Fig. 3). This electrolyte bridge was filled for a later 
connection with silver-silver chloride solution.

The following chart, (Table 1), provides an 
overview of the textile meshes, and the following 
images show the textiles in detail and their installa-
tion into the specimen.

After the Textile anodes were applied to the 
concrete base, the test specimens were cast with 
the special mortar. This mortar layer had a thick-
ness of 15 mm and formed finely to the surface 
of the test specimens (see Fig. 2). Three different 
mortars were tested. In combination with the four 
anode materials a total of 12 specimens were made. 
The following chart, (Table 2), gives an overview 
of the mortar properties.

When the specimens had matured, they were con-
nected to a potentiostat. The carbon textiles act as a 
working electrode, while the MMO coated titanium 
was connected as a counter electrode (see Fig. 8). 
Galvanostatic tests with stepwise increased applied 
electrical currents were carried out. Here, the 
potentials of the working electrode were measured 
against the reference electrode. The current densities 

Figure 2. Detailed drawing of the specimen— dimension 
[mm] according to Henkel (2014).

Figure 3. Installed liquid junction (left), concrete base 
plate (right) according to Henkel (2014).

Table 1. Properties of the textiles.

Textile
Material/
structure Coating

Mesh width 
(0°/90°) (mm)

1 Carbon/single 
mesh

Styrene-butadiene-
rubber

14/8

2 Carbon/single 
mesh

Epoxy 20/20

3 Carbon/double 
mesh

Styrene-butadiene-
rubber

15/15

4 Carbon/single 
mesh

Styrene-butadiene-
rubber

14/13
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in detail, were 0 mA/m2 (open circuit potential); 
1 mA/m2; 3.2 mA/m2; 10 mA/m2 und 20 mA/m2.

Following each stage, instant-off  potential 
measurements were performed. This procedure 
ensured that IR drop compensated potentials 
were measured, and that the actual polarization of 
the anode material is not overrated. Following the 
last instant-off  measurements, the depolarization 
was determined. The duration of the intervals were 
chosen sufficiently large (12 h), so that the recorded 
potentials began to approach a limit where almost 
no changes were detected.

3 RESULTS

Figure 9 shows an exemplary curve of the galva-
nostatic stages experiment of the specimen B1. 

Figure 4. Textile 1 according to Henkel (2014).

Figure 5. Textile 2 according to Henkel (2014).

Figure 6. Textile 3 according to Henkel (2014).

Figure 7. Textile 4 according to Henkel (2014).

Table 2. Overview of the mortar properties.

Mixture
Mortar 
mixture Water

Water-reducing 
admixture

Special 
aggregate

Compressive strength
[N/mm2]

Density
[kg/dm3]

B X X No. 1 X 110.3 2.37
C X X – –  77.6 2.26
D X X No. 2 X 118.2 2.40

Figure 8. Complete test specimen according to Henkel 
(2014).
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The four stages in the various current densities can 
be clearly seen, and that the potential values sta-
bilize after 12-hour depolarization’s measurement. 
The IR drop can also be seen in the graph. After 
36 hours, the galvanostatic test is completed with 
10 mA/m2 related to concrete surface.

To evaluate the galvanostatic stage testing with 
relation to the CP, current density versus poten-
tial curves were generated, as the following four 
Figures 10–13 show for the different embedding 
mortars and textiles. It can be seen, from the com-
parison of the curves, which combination of mor-
tar and carbon textile requires the lowest voltage to 
achieve a current-density of 10 mA/m2.

On the basis of the measurements for textile 1, 
mortar B is the most appropriate. In textile 3 and 
4, mortars B and D have almost identical results. In 
textile 4, the difference of polarization of textiles in 
mortars C, B, and D is still less than 100 mV, and 
in textile 3 several hundred millivolts. The signifi-
cantly deviating course of the measurement curves 
of textile 2 can be explained to the epoxy coating. 
This represents an increased resistance compared 
to Styrene-Butadiene (SBR) coating, so the con-
ductivity of the textile decreases.

The evaluation with respect to the three tested 
mortar mixtures has shown that mortars B and D, 
with each textile, have almost identical polariza-
tion properties. Accordingly, they have the lowest 

voltages needed to achieve the same protective cur-
rent density.

The lowest values in absolute terms are among 
the systems B1, B4 and D4.

In this work, these combinations were favored 
for further investigation. Benefits can result due to 
the different properties of the anode materials in 
practice. While textile 1 is on rolls, the textile 4 is 
supplied in mats.

4 CONCLUSIONS

The results of the experiments carried out within 
this study led to the following conclusions.

Figure 9. Galvanostatic test by progressive current den-
sities—specimen B1 according to Henkel (2014).

Figure 10. Current density-potential-curve textile 1 
Henkel (2014).

Figure 11. Current density-potential-curve textile 2 
Henkel (2014).

Figure 12. Current density-potential-curve textile 3 
Henkel (2014).

Figure 13. Current density-potential-curve textile 4 
Henkel (2014).
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Carbon textiles are suitable as an anode material 
for the CP.

The SBR-impregnated materials revealed a sig-
nificantly better polarization behavior compared 
to the EP-impregnated textiles.

The double mesh textile structure of the textile 
type 3 has been found to not be as advantageous 
compared to the single mesh structures of the tex-
tile types 1 and 4.

All investigated mortars can be used as embed-
ding material for CP. The conductive hard aggre-
gate used in B and D takes considerable benefits 
for the conductivity and compressive strength of 
the mortar.

5 OUTLOOK

This study has shown, that carbon textiles are gen-
erally suitable to be used as anodes for CP. Based 
on these results further investigations are required 
to shows the durability of carbon textiles.
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ABSTRACT: Nowadays, the importance of the durability in concrete structures is more than the other 
factors like the compressive strength. Reinforced concrete structures, which are exposed to harsh environ-
ments are expected to last over long periods of time. For that important reason, a durable structure needs 
to be produced. Especially for reinforced concrete structures, one of the major forms of environmental 
attack is chloride penetration, which leads to corrosion of the reinforcing steel and a subsequent reduction 
in the strength, serviceability of the structure. This may lead to early repair or replacement of the structure. 
The ability of chloride ions to penetrate the concrete must then be known for design and quality control 
purposes. A common method of preventing such deterioration is to prevent chlorides from penetrating the 
structure by using additives like High Reactivity Metakaolin (HRM) in the system. Metakaolin is highly 
processed kaolinite clay that has been heat-treated under controlled conditions. Based on the important 
researches, also using appropriate portions of limestone contributes to improve compressive strength and 
permeability of concrete, But using 15% of limestone in concrete has severe effects on durability.

Which is unique In this paper is, the simultaneous effects of different percentages of Metakaolin (10%, 
12.5%, 15%) with Type 1-425 Portland Cement containing 15% limestone at a high performance concrete 
(>60 MPa) have been evaluated.

In order to produce appropriate limestone cement, additional tests like Alpine Sieve, Bending test, and 
Compressive Strength, etc. have been carried out in this investigation. Results of using a high reactivity 
Metakaolin in high-performance concrete in adjacent with excessive amount of limestone, and the rela-
tive influences on the Compressive Strength, Impermeability, Electrical Resistance, and RCMT indexes 
(Rapid chloride Migration Test) are just some important factors presented in this paper.

the appearance of cement paste and pozzolans’ 
role and reduction of aggregate influences in prob-
able weakness of concrete micro-structure. On 
the other hand, researchers reported conflicting 
views due to application of limestone powder in 
concrete. Since the reported conclusions in this 
article show the high rate of water absorption of 
applied limestone powder, then use of metakaolin 
in such HPC concrete caused a reduction of com-
pressive strength and also durability at early ages 
in all the  experiments. However, pozzolanic activ-
ity of Metakaolin is obvious during 7–90 days, the 
proper effect of this material observed in 90 days in 
comparison with control specimens.

2 LITERATURE REVIEW

2.1 Application of limestone powder

Before the 1980s, limestone powder was applied 
as an inert filler but recently, the results show that 

1 INTRODUCTION

As it is obvious today, too many experiments have 
been carried out on the properties and applications 
of Limestone powder and Metakaolin in various 
types of concretes according to the durability, 
repairing or retrofitting purposes during our own 
time. Evaluation of physical properties and dura-
bility of such concretes against chloride attack and 
measurement of chloride ion penetration are some 
well-known experiments.

In this investigation after implementation of 
comprehensive experiments for evaluation of phys-
ical, chemical, and mechanical characteristics of 
applied materials, concomitant use of Metakaolin 
and Limestone Portland Cement to durability of 
HPC Concretes containing low water-cement ratio 
0.31 and excessive cement paste has been evaluated. 
The maximum size of aggregate 12 mm selected, 
and proportion of sand to coarse aggregate was 
3/1. This selection applied due to strengthening 
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calcium carbo-aluminate hydrates precipitate dur-
ing the hydration of Portland Limestone Cement 
and also have an important role in an interaction 
between (C3S) and (CaCO3). Even though the 
CaCO3 accelerates the hydration of C3S and modi-
fies the Ca/Si ratio of C–S–H but limestone pow-
der does not show pozzolanic activity and, never 
produce any C–S–H gel consequently. Limestone 
powder shows several physical effects such as, dilu-
tion effect, filler effect and heterogeneous nuclea-
tion in concrete micro-structure.

European Standard (EN 197-1-2000) has per-
mitted up to 5% limestone as a minor additional 
constituent and also identifies four types of PLC 
containing 6–20% limestone. ASTM Standard 
(C150-04) also allows up to 5% of limestone, and 
both codes declare that calcium carbonate (CaCO3) 
content calculated from the calcium oxide content 
should be more than 70% by mass.

Ramezanianpour et al. (2009) indicated that 
Portland Limestone Cement concretes containing 
up to 10% limestone, generally have lower depths 
of water penetration than OPC concretes, and 
PLC concretes containing more than 10% lime-
stone show greater depths of water penetration 
and these are related with the filler effect, hetero-
geneous nucleation and also the dilution effect 
respectively.

Commonly, it is accepted that the fineness of 
the limestone is a factor that effects on setting time 
of cement pastes, but there are many contradic-
tory comments about this issue. Vu et al. (2001) 
declared that for cement pastes of different fine-
ness and C3S contents at 0% and 5% limestone 
replacements, the Initial and final setting times 
were found to decrease as fineness increased. El-
Didamony et al. (1995) reported that increase of 
limestone decreased the setting time of cement 
pastes and reported approximately 70 min decrease 
in initial setting time for 20% replacement of lime-
stone. On the other hand, Guemmadi et al. (2005) 
found that the setting time of pastes varied with 
the fineness, but no clear trend has been observed. 
Moir and Kelham (1997) found that increased 
fineness causes longer initial set times at 20% 
limestone replacement. Furthermore Tsivilis et al. 
(1999) found a minor decrease in set times when 
replacement increases.

2.2 Application of metakaolin 
for durability of concrete

Kaolinite clays, undergo thermal treatment and 
transform into Metakaolin. Metakaolin is one of 
the high reactivity pozzolans and being used in 
various industries widely. The results from many 
studies declare the positive influence of this mate-
rial on improvement of bending and compressive 

strength, reduction of water penetration, creep of 
concrete and increase of resistivity against chloride 
attack.

MK Al Si O CH H
CSH C AH C AH C ASH

[ ]Al Si O
,C

2 2Si 7

4 1AHAH 3 3C, 6 2C, 8

+CH
→  (1)

Higher alumina contents, such as MK, tend to 
have higher pozzolanic capacities because forma-
tion of C-A-H has a high CH demand. The follow-
ing relation (2) is a view of cement hydration and 
pozzolanic reaction after production of CH in adja-
cent of water. The reactivity of metakaolin highly 
depends on produced CH in the system, presence 
of adequate mixing water, the amount of C3 A in 
cement and also the amount of MK replacement.

Portland Cement
C S H C S H CH

Portland Pozzolan Cement

fast
3 + H ⋅S +

⋅
PoPP zzolan CH H C S Hslow+CH ⎯ →slow⎯ →⎯ → ⋅S  (2)

Poon et al. (2001) reported that degree of poz-
zolanic reaction was higher at the level of 5% MK 
than the levels of 10% and 20% for all ages which 
it is due to the greater amount of cement, and a 
higher concentration of CH, which is available for 
reaction with the pozzolan.

Frías and Cabrera (2000) evaluated the amount 
of CH content in MK pastes via DTA and TGA 
and declared the Increasing of CH content until 
7 days in all replacements. After this procedure 
consuming of CH content until 90 days in all 
replacements observed and again, slight increas-
ing of CH content has been reported. Based on 
another research from Shvarzman et al. (2003) and 
also Arikan et al. (2003) the positive influence of 
MK in micro structure improvement reported, but 
they have mentioned that Pozzolanic reactions, 
filler effects, accelerating effects in hydration, dilu-
tion, and also distribution effect is impossible to be 
considered separately!

Vaishali et al. (2011) worked on cubes of 15 cm 
size and cured for 28 days and then tested for 
measuring the compressive strength values of 
High-Performance Concrete (HPC) produced with 
MK and eventually declared that in various w/c 
ratios from 0.3 to 0.5, the replacement of 10% MK 
shows the best results. Furthermore, in RCPT test 
(Rapid Chloride Penetration Test) showed that the 
minimum charge passed (coulombs) is related to 
the w/c = 0.3 and replacement of 30% MK.

Courard et al. (2003) also confirmed that an 
appropriate amount of MK replacement, has 
positive influence on chloride attack and electrical 
resistivity behavior.
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3 EQUIPMENTS AND INSTRUMENTS

Calibrated compressive strength apparatus,  Wenner 
apparatus for measurement of electrical resistivity, 
Rapid Chloride Migration Test (RCMT) appa-
ratus for measurement of the none-steady-state 
migration coefficient, and also general casting and 
curing vessels and molds.

4 PROCEDURE OF EXPERIMENTS

4.1 Description of the tests and standards

In this experimental program more over the tests 
carried out on the materials, the mortar and con-
crete specimens evaluated by the explained tests in 
this section.

For production of new cement which applied in 
all the concrete specimens (LPC) Limestone Port-
land Cement, which contains 15% limestone pow-
der, Normal Consistency (ASTM C-305), Initial 
and Final Setting time (ASTM C-187-98), Bending 
and Compressive Strength on mortar specimens 
have been implemented then, the obtained results 
were compared with Original Portland Cement 
(OPC type 1-425) specimens.

It will be mentioned that for evaluation of MK 
physical reactivity index, separate experiments 
based on (ASTM C-109) were conducted by meas-
urement of compressive strength on mortar speci-
mens containing (OPC).

The Long-term water absorption test based on 
(ASTM C-642-97) was conducted on cylindrical 
Concrete Specimens with 100 mm diameter, 50 mm 
thickness, and more than 800 gr weight.

Evaluation of Surface Electrical Resistivity 
was implemented by Wenner apparatus based on 
(ASHTO T08) on cylindrical concrete specimens 
with 100 mm diameter and 200 mm height.

Calculation of the none-steady-state migration 
coefficient was implemented by (RCMT) appara-
tus based on (NT Build 492) on cylindrical con-
crete specimens with 100 mm diameter and 50 mm 
thickness. The following formula (3) explains the 
required variables.
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 (3)

U: Absolute value of the applied voltage, V;
T:  Average value of the initial and final tempera-

tures in the anolyte solution, °C;
L: Thickness of the specimen, mm;
xd: Average value of the penetration depths, mm;

t: Test duration, hour.
Dnssm: Migration coefficient, × 10−12m2/s.

Figure 1 shows the arrangement of RCMT 
apparatus setup. The catholyte solution which 
is 10% NaCl by mass in tap water (100 g NaCl 
in 900 g water) and the anolyte solution which 
is 0.3 N NaOH in distilled or de-ionized water 
(approximately 12 g NaOH in 1 liter water) were 
prepared for the apparatus.

4.2 Preparation of specimens

All the mixing, curing, and casting procedures and 
other preparation methods were based on men-
tioned international codes. The specimens were 
cured in lime-water at the temperature of 18–20 °C 
until the test day.

4.3 Experimental program

− Evaluation of MK physical reactivity index in 
(OPC) mortar Specimens

− Production of new cement (LPC 15% Limestone 
powder) by (OPC) type 1–425

− Comparison of (LPC) characteristics with (OPC) 
characteristics by evaluation of mortar specimens.

− Evaluation of MK influence in durability of 
concrete specimens containing (LPC) with dif-
ferent percentages of MK replacement.

For evaluation of Compressive Strength and also 
durability characteristics of concrete specimens, 4 
different mixture designs containing 0%, MK as 

Figure 1.  Schematic picture of (RCMT) apparatus.

Table 1. Alpine sieve test.

No Material
Remained on 
90 micron %

1 OPC 4.3
2 LPC 4.1
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Table 2. Metakaolin XRF results.

Contents SiO2 AL2O3 Fe2O3 MgO CaO TiO2 K2O Na2O

% 59.12 33.84 2.27 0.37 2.45 0.18 0.54 0.37

Table 3. Physical characteristics of aggregates in  mortar 
and concrete.

Aggregates

Water 
absorption 
ratio

Density 
gr/cm3

Maximum 
size

Fine 2.2 2.55
Coarse 1.8 2.58 12 mm

Table 4. Mixture design for one litter of 
mortar.

Materials

Proportions (gr/litter)

OPC 15% MK

Sand 1667 1667
Cement  556  472
Metakaolin    0   83
Water  278  278

Table 5. Physical properties of cement pastes.

No. Specimen Code

Setting 
time (min)

Normal 
consistency %

Bending strength (Mpa)
Compressive 
strength (Mpa)

Initial Final 3 days 7 days 28 days 3 days 7 days 28days

1 OPC 343 180 219 24 5.3 6.9 7.7 27.8 36.8 46.4
2 LPC 343/1 131 155 24 4.9 6.5 7.6 25.7 34.1 43

the control specimens, 10%, 12.5%, 15% MK were 
selected. The cement used for all the concrete speci-
mens was just LPC (15% limestone powder).

4.4 Applied materials

The required lime stones for production of (LPC), 
were crushed and grinded based on the amount of 
remained cement particles on 90 microns Alpine 
Sieve as shown in Table 1.

Metakaolin (MK) used as the high reactive poz-
zolan and supplementary for Limestone Portland 
cement in concrete specimens. Table 2 shows the 
XRF results of MK compositions.

Fine aggregates have been twice washed and 
also the maximum size of coarse aggregates in con-
crete mixture design was 12 mm. It will be noted 
that, the proportions of aggregates in all concrete 
mixtures were 75% fine aggregates to 25% coarse 
aggregates. Table 3 presents the physical specifica-
tions of fine and coarse aggregates.

For better distribution and mixing procedure, 
the third generation of carboxylic super-plasticizer 
has been applied in the concrete system. The com-
mercial name of this product was TamCem 23SSR. 
The amount of replacement was 0.4% of binder 
materials’ weight.

W/Binder ratio was 0.31 and the mixing water 
used in this experimental program tap water, which 

has appropriate conditions for using in a concrete 
mixture.

4.5 Reactivity of applied metakaolin

For evaluating the physical reactivity of metakao-
lin in the test program, the compressive strength of 
cubic mortar specimens containing 15% metakao-
lin at 7 and 28 days in comparison with the type 
I-425 Portland cement used as an index. The cubic 
specimens were in 5 cm dimensions.

The sand to cement content was 3/1 by weight 
and the amount of water to cement ratio was (0.5). 
Also the fineness modulus of the sand used was 
2.98 and the designed mixtures for the mortars are 
in Table 4.

The index of increasing compressive strength 
by 15% of metakaolin in comparison with control 
specimens for 7 days obtained 0.97 and for 28 days 
specimens 1.095 acquired.

4.6 Analyses and results

In this section more over an evaluation of imple-
mented experiments a comprehensive discussion 
of the test results will be carried out. The results 
presented in Table 5 is related to the comparison 
of physical characteristics of mortar and cement 
paste specimens obtained from OPC and LPC.
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For producing the new cement (LPC) which 
contains 15% limestone replacement with OPC, it 
was mandatory to test the new LPC in compari-
son with OPC physical characteristics. As men-
tioned in this article, there are too many diverse 
views that contradict each other about the role of 
limestone on the setting time of pastes, But in this 
report, obviously 27–30% reduction in setting time 
was observed by 15% replacement of limestone, 
which emanates from water absorbent activity of 
particles.

Also because, a similar fineness assumed for 
limestone and cement particles as reported in sec-
tion (4.4) Table 1 the lime stones were grinded till 
the remained amount on the 90 micron alpine sieve 
stayed on 4.1–4.3%. A similar consistency with 
24% water that obtained for OPC and LPC, could 
be another index for the same fineness of the new 
cement particles. In this report the bending strength 
of LPC mortar at 7 & 28 days was approximately 
similar to OPC, But for compressive strength at 
28 days, 7.3% reduction was observed as shown in 
Table 5 and Figure 2.

The following Table 6 represents the concrete 
specimens’ mixture design which the compressive 

strength test and durability tests such as long-term 
water absorption, electrical resistivity and chloride 
migration coefficient have been carried out.

In these mixtures for achieving the HPC con-
crete with compressive strength more than 60 Mpa 
at 28 days, 530 kg of LPC, which contains 451 kg 
cement and 79 kg limestone with W/B ratio 0.31 
has been selected. Table 6 shows the design mixture 
proportions of concretes. The amount of Super-
plasticizer to achieve the slump between 7–10 cm 
acquired 0.4% of the LPC weight.

For evaluation of compressive strength, the 
cubic concrete specimens of 10 cm dimensions, 
cured in lime water until the test days. As shown 
in Figure 3 with growing the age, the compressive 
strength increases and the differences between the 
compressive strength of mixtures containing MK 
compared with the control specimens’ decrease. 
Finally, In 90 days, MK10 & MK12.5 have more 
strength than control specimens. In some cases, the 
OLPC (control specimen) has more compressive 
strength even in 90 days age in comparison with 
MK15%. It’s due to, when we encounter with the 
concretes in very low W/B ratios (0.31 in this pro-
gram), the amount of strength gaining because of 
clinker reactions is very high especially in type I-425 
cement and the concrete has a more integrated 
structure and lesser porosity and the influence of 
MK in adjacent with dilution effect doesn’t show 
a considerable reactivity in obtaining compressive 
strength and structure improvement, and dilution 
effects as a weakness. However, based on reactiv-
ity measurement test of this type of metakaolin 
(w/c = 0.5) the reactivity factor in 28 days reached 
to 1.095 of the control specimens. On the other 
hand it seems that because of existence of lime-
stone powder as the high water absorbent nucle-
uses (based on Setting Time test results) in the 
system that contains very low w/b ratios, and the 
particles lose water gradually, the velocity of MK 
pozzolanic reactions will be reduced.Figure 2. Compressive strength of mortar specimens.

Table 6. Concrete mixture designs for 1 m3 volume of 
concrete.

Materials 
(Kg)

Control 
0% MK10% MK12.5% MK15%

Coarse agg. 410.5 410.5 410.5 410.5
Fine agg. 1216 1216 1216 1216
LPC 530 477 464 451
MK 0 53 66 79
Water 164 164 164 164
Agg. water 

absorption
22.2 22.2 22.2 22.2

Super 
plasticizer

2.12 2.12 2.12 2.12
Figure 3. The compressive strength of mixtures at vari-
ous ages.
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As it is clearly visible, finally the role of Mk 
shows itself  in improvement of the compressive 
strength in MK10 and MK12.5 in 90 days. The 
maximum of obtained strength related to MK10 
with 70.5 Mpa.

The activity of MK especially in very low W/C 
ratios, relates to the appropriate proportions of the 
water content of cement paste, C-H production in 
the system, and amount of replacement of MK, 
particularly when a high-water absorbent mate-
rial like limestone exists. In unsuitable situations, 
higher replacements of MK never show appropri-
ate activity. Figure 4.

The long-term water absorption test approved 
the statements in the other form. Water absorption 
experiment for all mixture designs carried out on 
3 cylindrical specimens with 10 cm diameter and 
5 cm thickness cut. As it is observed in Figure 5 
generally with growing the specimens’ ages, the 
amount of water absorption in all specimens is 
reduced. This phenomenon is natural and shows 
the hydration progress and reduction of porosity 
in the system. The large amount of percentages 
of water absorption (more than 5%) and also the 
small amount of changes in water absorption of 
various samples toward each other as shown in the 

following figure, is due to the existence of excessive 
cement paste in the micro structure of concrete and 
also containing a large amount of limestone pow-
der 15%, which acts as the ultrafine water absorb-
ent particles in this system, and a long period of 
time.

Results show the increase of water absorption 
at higher level of replacements of MK in the sys-
tem at early ages. The dilution effect of MK has an 
important role in weakness of structure in 28 days 
age. With reduction of clinker in the system which 
has a very low W/C ratio plays a more important 
role in structural strength, especially at early ages. 
The porosity increases then higher water absorp-
tion is observed as discussed.

The amount of water absorption reduced in 
MK10 and approximately in MK12.5 in 90 days 
age when compared with OLPC, But in MK15, the 
effect of dilution is more than the pozzolanic reac-
tivity and demonstration of growth toward OLPC 
is observed. The least water absorption observed in 
MK10 in 90 days age at about 5.54%.

The Figure 6 represents the amounts of Sur-
face Electrical Resistivity of designed mixtures in 
different ages. Based on these results, on control 
specimens with growth of the sample ages, and 
improvement of micro structure and also comple-
tion of hydration reactions the resistivity improves. 
When the amount of clinker reduces in this system, 
the porosity increases even though in the other way 
the amount of ionized clinker concentration also 
reduces in the system but obviously the effect of 
micro structure and water penetration in reduction 
of resistivity (accelerating ions movement) until 
28 days age overcomes the other issues especially 
due to excessive cement paste existence in designed 
concretes. The measurement of all specimens 
implemented when they were saturated.

The results in Figures 6 and 7 show that with vis-
ible growth of MK influence through 28–90 days 
ages, the measurements in 90 days age, shows the 
proper effect of using any replacement of MK 

Figure 5. Water absorption test results. Figure 6. Electrical resistivity of specimens.

Figure 4. Compressive strength gaining for various 
mixtures.
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in improvement of the electrical resistivity. More 
completion of pozzolanic reactivity, reduction of 
ion consistency, and refining the micro structure 
and also consuming the OH − ion by reactive SiO2O  
reactions, and on the other hand, dilution effect of 
more MK replacements, cause resistivity increas-
ing in older ages. Then MK15% at 90 days has the 
best resistivity. It’s necessary to be mentioned that, 
using more coarse aggregates and increasing the 
maximum size of Aggregates and also applying 
lesser cement in concrete have proper influences 
on growth of electrical resistivity.

The Figure 8 represents Obtained electrical 
resistivity till 90 days age for more comprehensive 
evaluation.

One of the most important issues on reinforced 
concrete structures, is the corrosion of steel bars 
due to chloride ion existence. This corrosion usu-
ally increases the bar volume and cause cracks and 
spalling of the concrete. Eventually, there is no way 
but destruction of the concrete structure.

The migration coefficient in RCMT also 
depends on the micro structure of the concrete 
and the conductivity of the pore fluid (OH − ion). 
When in control specimens, the ages increases, due 
to improvement of micro structure, a reduction 

Figure 7. Percent of resistivity growth in comparison 
with control specimens.

Figure 8. Obtained electrical resistivity till 90 days age.

Figure 9. Migration coefficient of RCMT test.

Figure 10. Reduction of migration coefficient com-
pared to control samples.

in the migration coefficient is visible. Perhaps the 
small changes emanating from excessive amount 
of cement paste in the system, but clearly when the 
metakaolin affects the system at 28–90 days ages, 
especially at 90 days age measurement, we could 
see more considerable reduction in all replacements 
of metakaolin. The compressive strength results, 
water absorption results and electrical resistiv-
ity conclusions, all are showing the fact that until 
28 days of age the replacement of more metakao-
lin in this high-performance concrete cause weaker 
micro structure in the system. This phenomenon is 
also visible in RCMT results.

Based on the Figure 9 the worst Migration 
Coefficient observed in 28 days of  age for MK15 
equal to 14.05 and the lowest coefficient obtained 
also at 90 days of  age for MK15. It’s because 
of  reactivity of  metakaolin which consumes the 
Ca( )OH 2 in the system and by consuming the 
OH − ions, the conductivity of  the pore fluid and 
consistency of  ions in the system are reduced. In 
all percentages of  replacement, the effect of  MK 
in improvement of  concrete against chloride ion 
migration at 90 days age is obvious.  Furthermore 
Figure 10 represents the Reduction of  the 
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migration coefficient compared to control sam-
ples for a clear comparison.

5 CONCLUSIONS

All replacement levels of Mk caused growth of 
migration coefficient and weakness of electrical 
resistivity at 28 days of age, which is emanating 
from dilution effect and reduction of clinker in the 
system.

The clinker reactions in very low W/C ratio dem-
onstrate more powerful activity in improvement of 
structure toward pozzolanic activities.

Based on all the stated results, applying metaka-
olin in lower replacement amounts, for concretes 
containing low w/b ratios is recommended.

Also the effect of limestone water absorption 
on the reduction of MK activity at early ages for 
durability of concrete specimens should not be 
neglected particularly for situations of retrofitting 
and repair of structures and presence of low reac-
tivity pozzolans.

Existence of excessive cement pastes even in 
High-Performance Concretes (HPC) cause reduc-
tion of electrical resistivity and severe weakness 
against electro-chemical attacks due to increasing 
the ion consistency in concrete.

The activity of MK, especially in very low W/C 
ratios, relates to appropriate proportions of the 
water content of cement paste, C-H production 
within the system, and amount of replacement 
of MK, particularly when a high-water absorb-
ent material like limestone exists. In unsuitable 
situations, higher replacements of MK never show 
appropriate activity.
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Polymer modified high performance concrete as structural 
repair material of existing structures

K.D. Zavliaris
Greece

ABSTRACT: In many instances concrete structures need to be either repaired because of degradation 
or strengthened for upgrading. Among the available techniques, utilization of Polymer Modified High 
Performance Concrete (PMHPC) and mortar (PMHPM) can be used as repair and strengthening method 
as is stated and discussed in this paper.

The structural performance of PMHPC and PMHPM is controlled by the cement type, the presence 
of pozzolans in the mix, the type and size of aggregates, the W/C ratio, the type and content of Polymer 
and the type and content of fibers.

From design considerations point of view the shear transfer and slip across interface, the effect of shrink-
age and the combined action of steel bars and fibers are important and must be taken into account.

Finally a comparison of PMHPC and normal cement concrete in terms of strength, durability and cost 
is made which can serve as selection guide for the repair materials and techniques.

• Glued fiber reinforced polymers
• Bonded external mineral fiber reinforced mortars
• External post stressing.

2 HIGH PERFORMANCE 
CONCRETE AND MORTAR

The term High Performance Concrete (HPC) and 
High Performance Mortar (HPM) implies that the 
corresponding mixtures possess high workability, 
high durability and high ultimate strength,

From a structural point of view the crucial char-
acteristics are: strength, ductility and durability.

As far as the strength of concrete is concerned a 
typical Classification is:

Normal Strength Concrete (NSC): 20–50 MPa
High Strength Concrete (HPC): 50–100 MPa
Ultra High Strength Concrete
(UHPC): 100–150 MPa
Special Concrete > 150 MPa.

2.1 Mechanical behaviour

Generally, HPC exhibits the following features in 
comparison with NSC: more linear stress-strain 
curve, increased strain corresponding to the maxi-
mum stress, steeper post-peak domain and ultimate 
deformation decreased with increasing strength, s. 
Figure 1.

The Elastic Modulus Ec for normal weight HPC 
with: 21 MPa < fc < 83 MPa can be given as:

1 STRUCTURAL REPAIRS

Concrete is a durable structural material used 
widely across the globe in both infrastructure and 
buildings in a variety of  load bearing systems, 
reinforcement types and construction methods. 
In many instances, however, there is need for 
repairing, strengthening and general upgrading 
concrete structures as a result of  degradation, 
damage, change of  use or increased loads of  the 
structure.

As repair is termed the restoration of the ini-
tial (maiden) mechanical properties i.e the ultimate 
capacity and the stiffness of the structural member. 
Repair techniques involve injections, replacement 
of damaged reinforcement and patching.

On the other hand strengthening aims at upgrad-
ing the mechanical properties by utilization of a 
great variety of methods and materials, namely:

• Jacketing by means of:
• Cast in Place Concrete
• Shotcrete
• High Performance concrete or mortar
• Modified High Performance concrete or 

mortar
• Polymer Concrete, all reinforced by

• Ordinary steel bars or meshes
• Steel fibers in a variety of geometry
• Non-metallic fibers in different forms i.e. 

individual fibers or textiles, with a wide 
range of materials and geometry

• Glued steel plates
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Ec = 3320 √fc + 6900 MPa where fc is the com-
pressive strength of concrete.

Durability properties are related to the resist-
ance of concrete to permeation of water and 
chemical ions. HPC generally exhibits better dura-
bility characteristics than NSC, which can be fur-
ther improved by modification with polymers.

Shrinkage of HPC is reported to be slightly dif-
ferent from that of NSC, according to [6].

2.2 Materials

Crucial for achieving higher strength while main-
taining good workability, is the selection of cement 
in terms of its chemical compatibility with addi-
tives, finesses and chemical composition. Low C3A 
cements result in improved rheology of mixture.

The low water/cement ratio causes desinfica-
tion in both the matrix and interfacial zone, thus, 
the aggregates may become the weak link of the 
system. Therefore, there is need for their careful 
selection from chemical and physical point of view. 
A general rule is the higher the strength to achieve 
the smaller the maximum size of aggregates.

Fine pozzolanic materials are extensively used, 
the most common being microsilica. The require-
ments on workability with low water/cement factor 
can be satisfied by special superplasticizers among 
which polycarboxylate ethers are very common.

2.3 The importance of early strength 
in structural repairing

An important aspect of the structural repair mate-
rials is that of early development of the strength 
since in many instances there is an element of 

urgency in the interventions to be carried out. 
From this point of view HPC exhibits very inter-
esting features as can be seen from Table 1.

3 POLYMER MODIFICATION 
OF CONCRETE /MORTARS

Polymer Modified Cement Concrete (PMCC) 
mixtures are those in which a water soluble or 
emulsified polymer is added during mixing. As the 
concrete cures, hardening of polymer also occurs, 
forming a continuous matrix of polymer through-
out the concrete.

The polymers in use are latexes, redispersible 
polymer powders, water-soluble polymers, liq-
uid resins, and monomers. The most commonly 
used are: Styrene-Butadiene Rubber (SBR) latex, 
 Ethylene-Vinyl Acetate (EVA), Polyacrylic Ester 
(PAE) and Epoxy (EP) resin. 

For all PMCC it is very important that both 
cement hydration and polymer film formation 
(coalescence of polymer particles and the polym-
erization of resins) proceed parallel to yield a 
monolithic matrix phase with network structure 
in which the cement hydrate phase and polymer 
phase interpenetrate. In polymer-modified mortar 
and concrete structures, aggregates are bound by 
such co-matrix phase, resulting in superior prop-
erties compared with conventional cementitious 
composite.

The above model, explains why the properties of 
ordinary cement mortar and concrete are generally 
improved to a great extent by latex modification. It 
is generally considered that plain hardened cement 
paste mainly has an agglomerated structure of 
calcium silicate hydrates and calcium hydroxide 
bound together by the weaker van der Waals forces, 

Figure 1. Stress–Strain relationship of HPC, after [6].

Table 1. HPC proportioning and time dependent 
strength after [3].
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and therefore, microcracks occur easily in the paste 
under stress. This leads to poor tensile strength and 
fracture toughness of normal cement mortar and 
concrete. By contrast, in the latex-modified mor-
tar and concrete, it appears that the microcracks 
are bridged by the polymer films or membranes 
which prevent crack propagation, and simultane-
ously, a strong cement hydrate-aggregate bond is 
developed [1].

The shrinkage properties of PMC and PMM 
are strongly dependent on the type of polymer and 
to lessen degree to P/C after [1].

For SBR modified concrete and mortars these 
rates rates are slightly less of that of ordinary con-
crete and mortar subject to P/C rate.

3.1 SBR (styrene butadiene rubber) 
modified concrete

SBR Polymer is the most widely used in concrete. 
SBR properties after [9] are shown in Table 2.

In SBR modified Concrete and Mortars high 
adhesion between the polymer films and cement 
hydrates is established which results in enhance-
ment of flexural and compressive strength and 
higher durability of PMC, PMM.

3.2 Mechanical properties 
of SBR modified concrete

In the following tables the influence of SBR modi-
fication on the main mechanical properties of con-
crete is illustrated.

On the other hand the improvement of dura-
bility by the addition of polymer in the matrix in 

Figure 2. Simplified model of formation of polymer–
cement co-matrix after [9].

Table 2. Properties of SBR, after [9].

Physical state Milky white liquid

Total solids (by weight 
of weight of polymer)

40%

Specific gravity 1.01
PH 10.5
Mean particle size 0.17 microns

Figure 3. Relationship of compressive strength to P/C 
ratio of PMC after [1].

Figure 4. Relationship of Flexural strength to P/C ratio 
of PMC after [1] RH: C/P = 0%—PH3:C/P = 3%—PH5:
CP = 5%, PH10:C/P = 10%.
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terms of reduction in the depth of carbonation is 
illustrated in the following Figure 5.

3.3 Effect of polymer modification on the 
reinforcement of fibre reinforced concrete

One of the reasons to Polymer modify HPC is to 
increase the adhesion of concrete to both the rein-
forcement steel and concrete substrates, [9].

The same effect applies on the fibers added to 
HPC in order to rectify its brittleness character-
istics, Figure 6, and results in increased flexural 
strength, subject to the type of fibers, the type of 
polymer and P/C ratio, according to [10].

3.4 Mix proportioning of PMC or PMP

The polymer/cement ratio (the weight ratio of the 
amount of total solids in a polymer latex to the 
amount of cement in a latex-modified mortar 

or concrete mixture) is the controlling factor for 
achieving the strength requirements for the tensile 
and flexural strength and those for adhesion on the 
substrate of latex-modified mortar and concrete.

The mix proportions of most latex-modified 
concretes depend on many factors. Crucial are 
the polymer-cement ratio of the latex-modified 
concrete with range from 5 to 15%, and the water-
cement ratio with values from 30 to 50%.

4 THE BOND BETWEEN HPC AND 
ORDINARY CONCRETE SUBSTRATE

In structural repairs of concrete, the bond between 
repair materials and concrete substrate is of vital 
importance. It depends on a range of controlling 
factors such as interface properties, properties 
of repair concrete and curing and environmental 
conditions.

Interface properties involve the degree of 
roughness and cleanliness of  the substrate along 
with the laitance on it. The critical characteristics 
of  the repair concrete apart from its strength are 
the workability which determines the ability to fill 
the voids and cavities of  the interface, the content 
of  cementitious material, the degree of the poly-
mer modification and its compaction. There are 
some quite different methods for measuring the 
bond strength, the most common of which are 
illustrated in the following Figure 7 along with 
test results of  concrete mixes with varying SBR 
content;

Figure 5. Reduction of depth of carbonation of PMC 
as function of the type of polymer, after [9].

Figure 6. Improvement of Compressive behavior of 
HPC by addition of fibers, after [4].

Figure 7. Measured bond strength by different meth-
ods for (a) low roughness—(b) high roughness substrates 
with varying contents of SBR and K100 (cyano-acrylate 
resin) after [8].
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In every join of repair concrete with substrate 
three phases are involved: the substrate-the inter-
phase (the bond zone)—and the repair concrete, or 
mortar.

Independently from the magnitude of the 
strength of both concrete layers, existing and new, 
the interface is the weak link of the system due to 
discrepancies in the properties of the two layers, 
namely differences in modulus of elasticity, in the 
stage of shrinkage and creep which cause interfa-
cial strain across the interface.

As far as the bond between HPC and Normal 
Cement Concrete (NSC) is concerned, Tables 4 
and 5, as is reported in [7], are indicative of the 
magnitude of the shear bond strength and the cor-
responding slip at the interface between 78 MPa 
HPC and 40 MPa NSC.

5 THE INFLUENCE OF POLYMER 
MODIFICATION ON THE BOND 
BETWEEN ORDINARY CONCRETE 
SUBSTRATE AND HPC

The adhesion of SBR modified mortar and con-
crete to concrete substrate improved, due to 
presence of polymer, is of high importance for the 
enhancement of the bond between concrete sub-
strate and HPC. The adhesion depends mainly on 

Table 4. Ultimate shear bond strength between HPC 
(78 MPa)—NSC (40 MPa) after [7].

Tables 5. Ultimate slip and shear strength between 
HPC (78 MPa)—NSC (40 MPa), after [7].

Figure 8. Effect of polymer/cement ratio on adhesion 
of PMM after [9].

Figure 9. Wedge splitting test.

Figure 10. Relationship: Splitting force—Crack Mouth 
Opening Displacement for ordinary NSC 40/5,0 after [5].
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the properties of substrate and polymer-cement 
ratio, the effect of which is shown in Figure 8 and 
Figures 9, 10, 11.

6 DESIGN CONSIDERATIONS

In the case of repair in which, the initial structural 
member regains its original stiffens, from the point 
of view of design the shear stresses across the 
interface must be calculated and checked whether 
they are safely transferred. On the other hand in 
the case of strengthening the structural perform-
ance of strengthened member is that of compos-
ite action, Figure 12. The ultimate capacity of the 
repaired member must be calculated taking into 
consideration the mechanical properties of both 
repair and substrate material, the volume changes 
and the shear and slip across the interface as per 
above sections 2, 3, 4 and 5.

7 COMPARISON TABLE

The following table of comparison of PMHPC—
NSC—Shotcrete—HPC is drawn, upon their 
compressive and flexural strength, their durability 

expressed in terms of depth of carbonation and 
their bond strength to NSC substrate.

The cost was calculated by consideration of prices 
of materials, in the South—East Mediterranean and 
Middle East countries. The selection criterion is that 
of cost normalized with respect to the relative values 
of the mechanical properties, bond and durability.

Figure 11. Relationship: Splitting force—Crack Mouth 
Opening Displacement for the same mix NSC 40/50 mod-
ified with 20% polymer modification, after [5].

Figure 12. Internal forces of a strengthened beam sim-
plified after [2].
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A new approach for internal curing of high performance 
concrete to reduce early-age volume variations
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University of Cyprus, Nicosia, Cyprus

ABSTRACT: Cement hydration and particles flocculation are responsible for concretes  solidification. 
Several physiochemical mechanisms are activated from the moment that cement comes in contact with 
water until the material becomes solid. An ideal maturing period for concrete would be a stress-free 
 situation. However, due to the aforementioned mechanisms it is almost impossible for concrete to main-
tain the same volume from its very first moment until solidification. These mechanisms will develop 
differential volume variations within the structure of the material which will yield in stress development. 
Since the material in the early-age will not be able to develop adequate strength, it will crack due to these 
stresses. The objective of this research is to develop an internal curing approach which will focus on 
reducing these volume variations in order to prevent early-age cracking. Attention is given on delivering 
additional water within the materials’ structure using existing constituents of the mixture. High Absorp-
tive Normal Weight Aggregates (HANWA) have been employed to deliver water for Internal Curing (IC) 
within the materials’ structure. In order to evaluate the results, concrete mixtures including dry and satu-
rated HANWA have been compared with ordinary (low-absorptive) Normal Weight Aggregates (NWA). 
Furthermore, mixtures including NWA and Superabsorbent Polymers (SAP) have been tested. The mix-
tures have been compared in terms of autogenous shrinkage, compressive strength, chloride diffusivity 
and vacuum porosity. Finally, two curing methods have been employed in order to assess the effectiveness 
of external curing on such dense concrete mixtures.

high  performance fiber reinforced concrete and 
ultra high performance fiber reinforced cemen-
titious composites are materials with superior 
performance (HPC), characterized by their high 
compressive strength and low permeability. Their 
performance is attributed to the improved pack-
ing of the constituent materials, which alongside 
reduction in water content result in a denser matrix 
as opposed to conventional concrete. Shortage in 
water due to low w/b ratio increases the early-age 
shrinkage which is a result of chemical shrinkage 
and self-desiccation (Schröfl et al. 2012).

Self-desiccation is governed by two physical 
mechanisms. The reduction of disjoining pres-
sure will cause the material to contract, whereas, 
the meniscus formation within the pore will cause 
tension in the pores fluid (Laplace’s Law). The 
disjoining pressure will be greater when the RH is 
high and therefore a drop in RH will reduce the 
disjoining pressure causing shrinkage (Lura et al. 
2003). The availability of water within the pores 
will prevent RH drop and disjoining pressure 
reduction. Pores partially filled with water within 
the materials structure cause the creation of water-
air menisci and RH drop (Kelvin’s Law) (Lura et al. 
2003). The water-air menisci will result in tension 

1 INTRODUCTION

Autogenous shrinkage could be described as the 
bulk or external shrinkage of a sealed, isothermal 
cementitious material without being subjected 
to external forces (RILEM TC 225-SAP 2012), 
whereas chemical shrinkage, which is likely to 
occur after the rigid skeleton formation, is consid-
ered as the total shrinkage or internal and external 
deformation (Schröfl et al. 2012). Prior to setting, 
the material is not able to withstand internal voids 
due to poor strength that causes the material to col-
lapse over the voids. However, when the material 
develops adequate strength, the formation of voids 
due to chemical shrinkage is inevitable. Chemical 
shrinkage occurs because the hydrated materials 
occupy less space than the unhydrated constitu-
ent materials. For typical cement, chemical shrink-
age is estimated at approximately 8–10 ml volume 
reduction per 100 g of cement reacted and ∼22 ml 
volume reduction for 100 g silica fume reacted.

In normal strength concrete, autogenous 
shrinkage does not manifest itself  in such a scale 
to be risky for the materials quality. Advances in 
concrete technology the last decades have brought 
new materials in use. High strength concrete, 
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stress development within the pore fluid and con-
sequently the surrounding material will develop 
compressive forces to restore equilibrium (Barcelo 
et al. 2005; Schröfl et al. 2012; Lura et al. 2003). 
The surrounding compressive stress will lead to 
further contraction.

It is therefore understandable that in order to 
prevent self-desiccation additional water should be 
provided. Since the w/b ratio increase is not pos-
sible in HPC, other methods have to be employed. 
 Several methods that have been proposed include the 
addition of internal reservoirs in order to replenish 
the consumed water and maintain the RH at high 
levels, Shrinkage Reducing Agents (SRA) to reduce 
pore fluid’s surface tension and expansive minerals 
to counteract shrinkage (Sant et al. 2011).

The dispersion of water reservoirs have been a 
well established method to reduce early-age shrink-
age and self-desiccation.

2 BACKGROUND

In order to prevent self-desiccation in a concrete 
mixture, it is necessary to maintain RH at high lev-
els. The density of HPC which yield to depercolated 
capillary pores hinders the diffusion of the exter-
nal moisture throughout the material’s structure 
restricting its access (Sant et al. 2011). Therefore, in 
order to reach the inner core of the material’s body 
dispersed water reservoirs have to be incorporated. 
It is implied that the better dispersion will result in 
uniform water utilization throughout the materials 
matrix and thus IC will be more effective. Two well 
established methods of IC are the use of SAPs and 
LWAs. Both methods though weaken the material, 
either by causing additional porosity or due to the 
introduction of mechanically weak materials.

Zhutovsky & Kovler have reported that con-
crete’s mechanical and durability deterioration is 
inevitable since a porous and mechanically weak 
material is introduced (Zhutovsky & Kovler 2010). 
Byard has reported that internally cured mixtures’ 
compressive strength slightly decrease in com-
parison with the corresponding control (CTRL) 
mixtures’ (Byard et al. 2012). A Round-Robin 
Test (RRT) conducted by 13 different laboratories 
across the world has used the same mix design but 
local aggregates and examined the effect of includ-
ing SAPs in concrete. The majority of the research-
ers have reported a decrease in compressive strength 
for concretes including SAP. Nevertheless, in some 
cases, an improvement has been observed (Mech-
tcherine et al. 2013). In the contrary, research 
reports claim that compressive strength reduction 
is not a subsequent of SAPs inclusion in concrete 
(Lura et al. 2006). A further investigation supports 
that the consistent reduction in HPCs compressive 

strength could be surpassed by a proper design, 
regarding the dosage and the curing of each mix-
ture (RILEM TC 225-SAP 2012). It continues 
suggesting that the interest has to be focused on 
achieving IC without affecting other properties of 
the material.

Furthermore, other properties of the material 
are affected by the introduction of IC. Young’s 
Modulus (YM) and flexural strength seems to dete-
riorate due to insufficient stiffness and increased 
porosity (Zhutovsky & Kovler 2010; Byard et al. 
2012; Mechtcherine et al. 2013). Additionally, in 
NWA mixtures the permeability is governed by the 
cement paste permeability. In mixtures including 
LWAs the permeability may be influenced by the 
properties of LWAs. A reduction in permeability 
and diffusivity can be expected in IC mixtures due 
to extended hydration that leads in capillary pores 
discontinuation. However, in both SAPs and LWAs 
IC methods, additional porosity is expected to be 
introduced in the mixture (RILEM TC 196-ICC 
Rep 41-6 2007).

3 RESEARCH SIGNIFICANCE

The technique of Self  Curing Concrete (SCUC) 
or Internal Curing (IC) as it is widely known has 
arisen at the beginning of the last decade (Jensen & 
Hansen 2000) and much advancement have been 
achieved since. It is an on-going research topic and 
it attracts great attention since the advantages of 
establishing an IC technique are both short and 
long term. Improved performance during the 
structures service life as well as extended life-cycle 
is only two of the main benefits that contribute to 
a less expensive construction and maintenance cost 
ensuring environmental sustainability.

The ideal IC method should be able to reduce 
the autogenous shrinkage of HPC without com-
promising any other properties.

The effort of this research has been focus on 
establishing IC in HPC without reducing any other 
properties of the material. HANWA exhibit high 
absorption capacity that benefits IC and sound 
mechanical properties that ensure the mixtures 
serviceability.

4 EXPERIMENTS

Five mixtures with low w/b ratio (0.25) have 
been intensively designed to increase autogenous 
shrinkage (Table 1). In order to reduce or dimin-
ish autogenous shrinkage three IC mediums have 
been employed. HANWA in two different states 
(SSD and DRY) and two types of SAPs were com-
pared. The HANWA has been introduced in two 
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different conditions in order to clarify whether a 
Saturated-Surface Dry (SSD) condition would 
affect the materials performance as opposed to 
dry state (DRY). The SAPs have been employed in 
order to compare their effectiveness as opposed to 
the HANWA. The HANWA and NWA properties 
are presented in Table 2. The utilized SAPs were 
poly (acrylic acid) partial sodium salt for T1 and 
poly (acrylic acid), partial potassium salt, slightly 
cross-linked for T2. The polymers were tested in 
suspended pore solution using the teabag method 
and it was concluded that there absorbing capac-
ity was 29 g/g for SAP-T1 and 26 g/g for SAP-T2. 
Therefore, the amount of SAP required to carry 
the necessary quantity of IC water was 0.18% and 
0.2% with respect to cement mass for T1 and T2 
respectively.

The aggregates water absorption at 24 hours 
(WA24) was calculated according to (EN-1097 2013) 
(Table 2). The mixtures slump has been measured 
in fresh state concrete whereas tests on compres-
sive strength and vacuum porosity at 3, 7, 28 and 
90 days and rapid chloride permeability at 7, 28 
and 90 days have been conducted in hard state. 
Additionally, in order to assess whether external 
curing would have any effect on such dense mix-
tures, two methods of curing have been employed. 
One series of specimens have been immersed in a 
water tank with constant temperature (23 ± 1°C) 
whereas another series have been wrapped with 
polyvinyl chloride membrane and stored in a room 
with controlled temperature (23 ± 1°C).

Finally, the HANWA effectiveness had to be 
validated in terms of  IC prior implementing them 
in HPC. Castro has reported that an  effective IC 

Table 1. Mix constituents (kg/m3).

 CTRL HANWA SSD HANWA DRY SAP T1 SAP T2

CEM 864 864 864 864 864
Water 216 216 216 216 216
Coarse 854 854 854 854 854
Sand 499 344 344 228 228
SP 0,09% 0,05% 0,05% 0,04% 0,23%
SAP – – – 1,5 1,7
IC water – 44,0 44,0 44,0 44,0
Slump 70 100 85 85 80

Table 2. Aggregates properties.

 ρa (g/cm3) WA24 FM Fraction

NWA 2,74 1,1% – 4/10
HANWA 2,30 5,2% – 4/10
SAND 2,63 1,2% 2,12 0/4

Figure 1. HANWA desorption properties.

aggregate would have larger pores than cement 
pores (Castro et al. 2011). An indirect way to 
check aggregates suitability is by calculating the 
aggregates ability to release moisture at high 
RH-levels. HANWA-SSD has been placed in an 
environmental chamber and exposed to gradually 
RH decrease where its mass loss was recorded 
(Fig. 1). Figure 1 indicates that HANWA release 
the majority of  its moisture content (80%) at high 
RH levels (85%) and therefore it could be utilized 
for IC.

5 RESULTS

5.1 Autogenous shrinkage

After the mixtures were mixed one prismatic speci-
men from each batch was wrapped in membrane 
and stored in controlled environment. After the 
specimens were solidified two rectangular sec-
tions (7 mm × 35 mm) of membrane at the speci-
men’s opposite faces were removed using a surgical 
blade and the free surface was covered with epoxy 
resin. After the resin was solidified, 30 mm strain 
gauges were attached at each side and the speci-
mens were wrapped again in order to protect the 
specimens and the gauges from external moisture. 
The employed method ensured that the measured 
deformations would represent only longitudinal 
displacements of the specimen, and no moisture 
exchange would occur.
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As explained above, insufficient water in the 
materials pores would increase autogenous shrink-
age. It is therefore justifiable that the CTRL mix-
ture exhibits the higher autogenous shrinkage 
(Fig. 2). The decrease in autogenous shrinkage 
regarding the IC mixtures indicates that the IC 
water has been successfully delivered to the mix-
ture increasing RH and reducing the materials 
shrinkage. Mixtures HANWA-SSD, HANWA-
DRY and SAP-T2 have managed to reduce signifi-
cantly autogenous shrinkage whereas SAP-T1 fully 
diminished it. HANWA-SSD and HANWA-DRY 
curves are almost identical. This implies that the 
state of HANWA prior entering the mixture does 
not affect their effectiveness. Finally, SAP mixtures 
seem to exhibit the lowest autogenous shrinkage. 
It was anticipated that the specific polymers would 
perform very efficiently at the first days because 
at the age of two hours the polymers are provid-
ing the majority of their water back to the mixture 
(Fig. 3).

The main reason for conducting a tea-bag test 
on SAPs was to evaluate the polymers absorp-
tion capacity in order to modify the mix design 
accordingly. Howerver, Schröfl has reported that 
SAPs who observe an early desorption such as the 
SAPs used in this research (Fig. 3), are likely to 

be  effective for internal curing only at early-ages 
(Schröfl et al. 2012).

5.2 IC effect on workability

The mixtures workability has been checked with 
respect to the required amount of polycarboxylate 
polymer superplasticizer (SP) added to the mix-
ture (Fig. 4). HANWA-SSD, HANWA-DRY and 
SAP-T1 mixtures have exhibited similar rheologi-
cal behavior. The CTRL mixture required higher 
amount of SP in order to fulfill the slump require-
ments (100 ± 30 mm) whereas SAP-T2 mixture 
required a very high amount of SP in order to 
retain its workability. It has to be mentioned that 
the aggregates (HANWA-NWA) have been checked 
using image analysis software (ImageJ (Ferreira & 
Rasband 2012)) in order to check their circularity. 
The measurements were expressed as percentage (0: 
min-1: max) where a completely circular particle is 
indicated by the value of 1.0. As the measurement 
approaches 0.0, it indicates an increasingly elongated 
shape. The measurements have been conducted on 
a minimum of 75 particles from each batch and 
both aggregates exhibit similar degree of circularity 
(HANWA: 0.61, NWA: 0.64). It can be concluded 
that the different behavior is exclusively attributed 
to the IC mediums. HANWA-SSD, HANWA-DRY 
and SAP-T1 seem to benefit the mixtures workabil-
ity whereas the CTRL and SAP-T2 mixtures require 
higher amount of SP due to the lack of water. It has 
to be concluded though that the workability varia-
tions caused by SAP strongly depend on the poly-
mers absorption capacity, absorption rate and the 
additional water entered the system (RILEM TC 
196-ICC Rep 41-5 2007).

5.3 Rapid Chloride Permeability (RCP)

The RCP test was conducted based on ASTM 
C1202 (ASTM C 1202-2009). The experiment 

Figure 2. Autogenous shrinkage.

Figure 3. SAPs absorption rate in pore fluid. Figure 4. Mixtures’ workability.
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consists of measuring the amount of chloride ions 
passed through 50 mm thick cylindrical concrete 
specimens. The specimen’s sides are immersed 
in sodium chloride and sodium hydroxide and 
a potential difference of 60V is maintained. The 
total charge passed in coulombs relates the resist-
ance of the specimen to chloride ion penetration. 
Each specimen has been conditioned according to 
the standard.

Based on Table 3 the CTRL mixture exhibits 
the lowest permeability value. The specific mixture 
includes NWA and no IC agent. The highly dense 
microstructure due to the constituent materials 
yields in a refined pore network. Several conclu-
sions can be drawn by observing the evolution 
of RCP reduction in Table 3. Observing the RCP 
reduction all the mixtures exhibit a similar reduc-
tion (∼65%) from day 7 to day 90 except SAP-T2. 
The specific mixture seems to suffer a very early-
age water exhaustion and therefore their con-
tribution was diminished after the first days of 
the materials life-cycle. Furthermore, the curing 
method does not seem to highly affect the results. 
However, it is worth noticing that all the speci-
mens extracted from the water curing method were 
consistently exhibiting slightly lower charge pass. 
Besides the CTRL mixture, the HANWA-SSD 
mixture observes the lowest RCP values at 90 days. 
It is believed that the specific mixture will be able 
to utilize IC water to the mixture even at late ages, 
in contrast to other methods that are likely to uti-
lize their water content at early-ages. Finally, the 
SAP-T1 and the HANWA-DRY mixture seem to 
perform very well, whereas SAP-T2 has the poor-
est contribution to the materials performance.

5.4 Vacuum porosity

The specimens have been kept in a sealed cham-
ber where the pressure was removed. Afterward 
they were subjected to vacuum for 24 hours before 
being immersed in water. After 24 hours their 
immersed and saturated mass was recorded before 
being placed in an oven with constant temperature 

of 105°C. After constant mass was reached the dry 
mass of the specimens was recorded and the poros-
ity of each specimen was extracted. It has to be 
noted that the results correspond to a single test 
conducted on a different specimen at each time 
interval.

The porosity values of the mixtures are pre-
sented in Table 4. The CTRL mixture has the low-
est porosity in comparison with the IC mixtures. 
Implementing IC has specific disadvantages. One 
of these is the porosity increase which leads to a 
reduced compressive strength at the very early-
age. SAPs mixtures have exhibited high porosity 
at early-ages, which was anticipated. The expected 
reduction of porosity at 28 days is not reflected in 
the results. This is attributed to the fact that the 
specific polymers utilized in this research are likely 
to exhaust their IC ability at early ages. The space 
occupied by the polymers particles remain empty 
and it is added up to the total porosity. Finally, 
the HANWA-SSD mixture exhibits a superior 
performance in terms of porosity values as well as 
pore sealing. The assumption that the specific IC 
medium would be able to provide IC water even 
at later ages is enhanced by the results of poros-
ity. It is noticeable here that the membrane curing 
method seems to be slightly more effective than 
water curing method. Furthermore, the HANWA-
DRY mixture in this case seems to perform poorly. 
It seems that the specific mixture does not absorb 
the total quantity of added water, increasing the 
w/b ratio and the porosity.

5.5 Compressive strength

The compressive strength of  the CTRL mixture 
was expected to obtain the highest value due to 
the lack of  IC materials which result in additional 
porosity and weak porous mediums (Table 1). In 
fact up to the age of  28 days the CTRL seems 

Table 3. RCP results (Coulombs)—M: Membrane cur-
ing method, WC: Water curing method.

7 Days 28 Days 90 Days

M WC M WC M WC

CTRL 3695 3228 2352 2088 1378 1168
HANWA-SSD 5850 5736 3022 3978 2137 1974
HANWA-DRY 5433 4576 4410 3556 2202 1606
SAP-T1 6554 6249 3831 3714 2198 2228
SAP-T2 4972 5100 4258 3648 2333 2314

Table 4. Vacuum porosity.

3 Days 7 Days 9 Days 28 Days

Membrane cured specimens
CTRL 12,5% 11,4% 9,4% 8,2%
HANWA-SSD 14.8% 14.0% 13.7% 12.7%
HANWA-DRY 15.5% 14.7% 16.6% 17.1%
SAP-T1 17.5% 15.2% 15.3% 14.5%
SAP-T2 17.3% 16.3% 15.2% 14.7%

Water cured specimens
CTRL 12.8% 12.0% 9.9% 8.2%
HANWA-SSD 15.6% 14.8% 14.1% 13.6%
HANWA-DRY 15.1% 15.0% 15.6% 16.3%
SAP-T1 18.0% 16.2% 15.6% 14.2%
SAP-T2 17.4% 16.7% 15.3% 15.0%
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Table 5. Compressive strength (all values are in MPa).

3 Days 7 Days 28 Days 90 Days

fcm SD fcm SD fcm SD fcm SD

  Membrane cured specimens  
CTRL 84,6 3,9 82,1 7,4 93,2 4,5 88,5 14,8
HANWA-SSD 76,2 3,8 76,7 0,7 80,3 3,2 86,1 3,4
HANWA-DRY 71,8 1,1 67,6 5,3 75,6 3,8 75,9 3,9
SAP-T1 62,6 4,1 72,9 2,3 80,4 5,1 81,7 1,6
SAP-T2 66,0 4,7 67,3 5,4 81,6 8,1 78,8 7,4

  Water cured specimens   
CTRL 71,7 8,8 79,7 12,6 80,9 19,6 75,0 17,6
HANWA-SSD 76,6 2,4 75,0 4,0 74,9 9,0 81,5 3,9
HANWA-DRY 62,7 5,2 73,0 2,6 74,3 2,6 74,4 5,2
SAP-T1 66,3 4,1 71,1 2,0 80,2 5,4 92,9 4,1
SAP-T2 58,8 8,9 66,5 7,2 84,7 4,9 78,6 6,2

to develop high strength. However, at the age of 
90 days in both methods of  curing, the CTRL 
mixture exhibits a loss in compressive strength. 
Due to the high Standard Deviation (SD) it can-
not be concluded that the material suffers a reduc-
tion. This is attributed to the fact the pore water 
is likely to be depleted in its majority. Also, the 
external water curing cannot reach the inner core 
of  the material to continue hydration, due to its 
low permeability. The HANWA-SSD mixture 
seems to continue developing high compressive 
strength. This is attributed to the extended hydra-
tion which was anticipated because of  the dis-
persed IC sources of  water. The specific mixture’s 
compressive strength at the age of  90 days seems 
to overcome the CTRL mixture. Furthermore, the 
compressive strength of  HANWA-SSD mixture 
and HANWA-DRY do not justify the argument 
that the aggregates would fully absorb the addi-
tional water during the mixing. Consequently, 
partial amount of  the additional water seems to 
participate in the w/b ratio.

Additionally, at the early-ages, the SAP mix-
tures have observed reduced compressive strength. 
Nevertheless, despite the early-age water exhaus-
tion, the SAP-T1 mixture at the age of 90 days 
seems to recover its loss in compressive strength 
and overcome the CTRL mixture. The specific 
mixture is highly benefited at the early-age due to 
the autogenous shrinkage reduction without suf-
fering any damage in compressive strength. It has 
to be mentioned that the mixture exhibit a notable 
difference with regard to the difference in curing 
method. The membrane cured specimens do not 
exhibit any strength evolution at the age of 28 to 
90 days whereas the water cured specimens behave 
very differently. SAP-T2 mixture, exhibits a very 
well behavior up to the age of 28 days, where its 

strength evolution is adequate. The specific mixture 
seems that it has reached the maximum of its com-
pressive strength up to the age of 28 days, regard-
ing both curing methods, since from 28 to 90 days 
it suffers a slight fall. This has probably happened 
due to the polymers exhaustion along with the 
additional water that would enhance extended 
hydration. It has to be noticed that external curing 
does not seem to benefit the mixture with respect 
to its compressive strength. This is attributed to 
the dense pore network of the specimens where the 
externally source of water cannot reach the inner 
core of the specimens. It has to be mentioned that 
the results represent the average of 3 cubic speci-
mens of dimensions 100 × 100 × 100 mm.

6 DISCUSSION

A conclusion can be drawn comparing SAPs-T1 
porosity and RCP regarding the contribution 
of the polymers to the mixtures performance. 
Although the RCP is greatly decreased during the 
first 90 days of the mixtures life-cycle, its poros-
ity is observing only a slight reduction. It has to 
be mentioned that the SAPs polymers’ size do 
not exceed 1 mm. It has been also reported that 
the most effective particles size is nearly 100 μm in 
swollen state (Jensen & Hansen 2002). Therefore, 
the size of the particles contributes to an even dis-
persion within the materials matrix contributing to 
an effective IC. The fact that SAPs will be fairly 
dispersed would be beneficial for the pore network 
sealing. On the other hand, the SAPs exhaustion 
will contribute to an additional porosity.

Furthermore, the mixtures including IC agents 
have observed a great improvement in their prop-
erties up to the age of 28 days. All mixtures but 
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HANWA-SSD have exhibited minor improve-
ments in their properties between 28 and 90 days.

It has been mentioned above that the HANWA-
SSD releases the 80% of their moisture content at 
high RH levels. Consequently, the rest of 20% of 
the aggregates moisture is held by the aggregates 
within their structure. The water extracted at the 
early-ages of the mixture through the HANWA-
SSD will contribute to an increased degree of 
hydration at the aggregates adjacent space. This 
will reduce the surrounding porosity and the 
remaining water extraction from the aggregates 
body will require a lower RH. Additionally, the 
small pores of the HANWA will also require lower 
RH in order to provide the water. It is therefore 
concluded that the specific mixture will be able to 
provide IC water to the mixture at late ages when 
RH will drop further, increasing the degree of 
hydration.

7 CONCLUSIONS

The objective of this research was to evaluate the 
effectiveness of using HANWA as an IC agent 
without compromising the mechanical properties 
of HPC. The HANWA-SSD concrete mixture has 
been compared with mixtures including SAPs. The 
results indicate that the HANWA-SSD mixture 
has performed very well in reducing autogenous 
shrinkage. Additionally, it managed to maintain 
good mechanical and durability properties at both 
early and late-age.

In order to establish the mechanisms supported 
in this paper, the research on the specific topic is 
on-going.
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ABSTRACT: After several years of research in the Magnel Laboratory (Belgium) to obtain concrete with 
self-healing properties, the most promising mechanisms were tested on a larger scale. Instead of small mortar 
samples with self-healing properties, real-scale self-healing concrete beams (150 mm × 250 mm × 3000 mm) 
were made and the efficiency of autonomous crack repair was evaluated over time after loading the beams 
in four-point bending. In addition to a reference beam without self-healing properties, a beam with encap-
sulated polyurethane and a beam containing superabsorbent polymers were investigated. While for the 
beam with polyurethane, crack repair is obtained as the healing agent is released as soon as cracks dam-
age the embedded capsules, the superabsorbent polymers absorb water which intrudes into the cracks, 
immediately blocking the crack through swelling and later on by continued hydration and precipitation of 
calcite. The efficiency of both self-healing approaches was compared by measuring the reduction in water 
ingress into the cracks and by measuring the crack width reduction over time.

properties inside cementitious materials. Actually, 
cementitious materials do already have the natural 
ability to repair damage to a certain extent (Edvard-
sen 1999). If  water enters into concrete cracks and 
gets into contact with unhydrated cement particles, 
these can further hydrate and result in crack clo-
sure. If  both water and carbon dioxide are present, 
crack closure can be obtained when leaching cal-
cium hydroxide reacts with carbon dioxide to form 
calcium carbonate crystals. However, as the natu-
ral, so called autogenous, crack healing mechanism 
is limited to small cracks (Reinhardt & Jooss 2003), 
many attempts have been made to engineer con-
crete in order to obtain an improved, autonomous, 
crack healing efficiency.

Some approaches rather promote the autog-
enous crack healing ability by limiting the crack 
width through the addition of polymeric fibers 
(Li & Yang 2007) or by the use of shape memory 
alloys (Jefferson et al. 2009) which return to their 
original shape, and thus result in crack closure, 
upon  heating. Other approaches promote the 
autogenous healing ability by providing an extra 
amount of water through the use of superabsorb-
ent polymers (SAPs) (Lee et al. 2010, Snoeck 
et al. 2012). If  SAPs are embedded in the concrete 

1 INTRODUCTION

Concrete is a frequently used construction material 
because of its low cost, freedom of design, high 
compressive strength, … However, while concrete 
has a high compressive strength, its tensile strength 
is rather limited. Due to this, concrete often con-
tains cracks within the tensile zones. Although 
these cracks do not threaten the structural integ-
rity, as reinforcement is provided within these 
zones to carry the tensile stresses, they do harm the 
durability of the structure. Via these cracks aggres-
sive agents can enter the matrix and cause concrete 
degradation e.g. by sulfate attack, chloride ingress, 
carbonation, … This may lead to further widening 
of the cracks and degradation of the reinforcement 
steel due to corrosion, which can finally result in 
structural problems. Therefore, it is important that 
cracks are repaired. However, manual crack repair 
is expensive and not always feasible because of 
eventual inaccessibility of cracks.

In 2001, when White et al. (2001) published 
their paper in Nature about self-healing in poly-
mer based materials, research on the development 
of self-healing materials gained a real boost. Also 
attempts were taken to implement self-healing 
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matrix, they absorb water entering via the cracks. 
The initial swelling action of the SAPs blocks the 
cracks against further ingress and slow release of 
the absorbed water, later on, leads to further hydra-
tion and calcite precipitation. In other approaches, 
calcite precipitation is intensified by the addition 
of micro-organisms to the matrix (Jonkers 2011, 
Wang 2014). Upon water ingress via the cracks 
these organisms start to consume available nutri-
ents and precipitate calcium carbonate to close 
the crack. Next to these self-healing approaches, 
capsule-based (Dry 2000, Van Tittelboom et al. 
2011) and vascular based (Dry 2001, Pareek & 
Oohira 2011) mechanisms are reported, in which 
autonomous crack repair is obtained by release 
of a, mostly polymer based, healing agent from 
embedded capsules or from a vascular system. 
Release of the agent is triggered through breakage 
of the capsules or the tubes at the moment of crack 
formation.

In the Magnel Laboratory (Belgium), we started 
our research on self-healing cementitious mate-
rials in 2008. A number of the above mentioned 
self-healing approaches have been investigated, 
resulting in diverse self-healing efficiencies. For 
this study, the most promising approaches were 
selected to be applied and tested on their efficiency 
on a larger scale.

2 MATERIALS

2.1 Self-healing mechanisms

The first self-healing approach which was tested 
on a larger scale, consisted of the incorporation 
of encapsulated polyurethane. The polyurethane 
based healing agent, was a one-component, air-
curing agent with a viscosity of 3536 mPas at 
25°C. Although this agent was developed within 
the framework of another project, it was supposed 
to meet the requirements in order to obtain effi-
cient self-healing in the large scale concrete beams. 
This means that the healing agent should remain 
fluid until capsule breakage, although it should 
be very reactive to harden as soon as the capsules 
break and the agent, flowing into the cracks, comes 
into contact with moisture from the surrounding 
matrix. In addition, the viscosity of the agent 
should not be too high, so it is easily released from 
the capsules and it easily flows into the crack, while 
at the other hand the viscosity should not be too 
low, to prevent complete absorption of the healing 
agent by the surrounding matrix, which would lead 
to an empty crack. The healing agent was encapsu-
lated by tubular glass capsules with an inner diam-
eter of 3 mm, an outer diameter of 3.35 mm and 
a length of about 50 mm. To fill these tubes with 
the healing agent, first, one end of the tubes was 

sealed by means of methylmethacrylate (MMA) 
glue. Then the polyurethane was injected into the 
tubes by means of a syringe with a needle after 
which the second end was sealed again with MMA. 
These brittle capsules were embedded inside the 
concrete matrix to obtain self-healing properties. 
As soon as cracks appear in the hardened con-
crete matrix, the brittle glass capsules crossed by 
one of these cracks, will break. Due to capillary 
action, the healing agent will be released from the 
capsules and will be drawn into the crack. There, 
the agent will contact moisture inside the pores of 
the cementitious matrix causing a foaming reac-
tion and hardening of the agent, finally leading to 
autonomous crack repair.

The second self-healing approach which was 
ready to be tested on a larger scale, consisted of the 
use of hydrogels or SAPs. The bulk- polymerized 
SAPs which were used within this study, were 
obtained from the company SNF Floerger. They 
were synthetized from a cross-linked copolymer 
of acrylamide and acrylate, and had particle sizes 
less than 600 μm. This self-healing mechanism is 
not immediately activated at the moment cracks 
appear but requires water or moisture ingress into 
the cracks to become active. When water enters 
into the cracks, contact with the SAP particles near 
the crack surface will result in immediate swelling 
of the particles and thus blockage of the crack. 
However, over time the particles will release their 
water content again so the crack blocking effect 
will be gone but on the other hand the slowly 
released water will become available to the cemen-
titious matrix and will result in permanent crack 
closure by further hydration of unhydrated cement 
particles and calcium carbonate precipitation of 
leached calcium hydroxide if  also carbon dioxide is 
available within the crack.

2.2 Concrete beams with(out) 
incorporated self-healing mechanisms

One reference beam (code: REF) without self-healing 
properties was prepared in order to evaluate autog-
enous healing and to note the additional healing 
efficiency in the case a self-healing mechanism was 
embedded. Moulds with dimensions of 150 mm × 
250 mm × 3000 mm were used for both the reference 
beam and the beams with self-healing properties. 
Preparation of the moulds consisted for the REF 
beam in placement of the reinforcement bars. As 
the beams were casted upside down (because later 
on they would also be loaded in opposite direction) 
the reinforcement bars were positioned at the upper 
side of the mould in such a way that the concrete 
cover on top of the bars would be 20 mm. In total 
fours bars with a diameter of 10 mm were equally 
divided over the width of the mould.
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To cast the real scale concrete beam with embed-
ded polyurethane (code: SHC-PU), in total 350 
capsules, filled with polyurethane, were prepared. 
Positioning of the tubes within the mould was done 
by means of a network of wires attached through 
the walls of the mould 10 mm below the top. Every 
40 mm over the complete length of the beam, 
except the 160 mm at the ends, a wire was used to 
connect the one side of the mould with the other 
(Fig. 1A and B). Glass tubes were glued onto this 
network of wires by means of MMA glue. Each 
time, five capsules were placed with an intermedi-
ate distance of 46 mm and at both capsule ends 
there was 5 mm overlap with the wires. The next 
row was then arranged in an alternating way com-
pared to the previous row. Next to the network of 
capsules, this beam also contained four reinforce-
ment bars with a diameter of 10 mm. These were 
positioned underneath the network of capsules at 
the same position as in the reference beam.

The self-healing approach relying on the swelling 
and thus blocking effect of SAPs (code: SHC-SAP) 
did not require additional preparation compared to 
the reference beams, as the SAPS are added to the 
concrete upon mixing. It can already be mentioned 
that the superfluity of additional preparation is an 
advantage of this self-healing approach compared 
to the approach with embedded capsules.

After preparation of the moulds, concrete 
mixes were made. It was decided to cast all beams 
with self-compacting concrete as vibration of the 
concrete by means of a needle would be almost 
impossible for the beam containing the network of 
wires with capsules. The composition of the con-
crete mix which was used for each of the beams is 
shown in Table 1. All ingredients were mixed in a 
Zyklos 200 litre mixer. The mixing procedure was 
as follows: sand, gravel, cement, limestone filler 
(and SAPs) were mixed properly. Subsequently, 
the needed amount of water was added under 
continuous mixing. After one minute of mixing, 
superplasticizer (Glenium 51) was added steadily 
while mixing persisted. The moulds of the beams 
were covered with a plastic foil after casting of 

the beams. The moulds of the beams were removed 
after six days, then the beams were further stored 
at room temperature until the time of testing.

3 METHODS

3.1 Crack formation

In order to create multiple cracks, the beams were 
loaded in four-point bending. To facilitate perform-
ance of the water ingress measurements (see 3.3.1), 
the beams were loaded in upward direction 
(Fig. 2). The distance between both loading points 
amounted to 1000 mm. The metal rollers, used to 
exert the line loads, were placed symmetrically with 
regard to the middle of the beam. The rollers of 
the supports were positioned at the ends of the 
beam. For one of both supports the displacement 
was fixed in all directions, while the other one was 
free in x-direction. To ensure that the load was 
exactly the same in each of both loading points 
and that the load values increased at the same 
speed, one jack was used and the force exerted by 
this jack was transmitted to both rollers by means 
of a metal beam (Fig. 2). The exerted force was 
measured with a load cell. Next to the exerted 
load, the deformation of the beam was recorded 
during four-point bending. The curvature of the 
beam was measured by means of five Linear Vari-
able Differential Transformers (LVDT’s, Fig. 2). 
All LVDT’s were positioned at the bottom side 
(compression zone) of the beam. Making use of 
the coordinate system shown in Figure 2, they 
were placed at the following x-positions: LVDT1 
at 0 mm, LVDT2 at 800 mm, LVDT3 at 1500 mm, 
LVDT4 at 2200 mm and LVDT5 at 3000 mm. 
As the concrete composition and thus the con-
crete strength varies for the different beams under 
investigation (REF: 58.4 ± 0.9 N/mm2, SHC-PU: 
59.2 ± 0.4 N/mm2, SHC-SAP: 47.7 ± 0.5 N/mm2), 
not the load or the curvature, but the average crack 
width was used to control the four-point bending 

Figure 1. Placement of capsules, filled with poly-
urethane, on a network of wires which is connected to 
the sides of the mould (A and B).

Table 1. Composition of the concrete mixes.

Components

Composition [kg/m3]/[l/m3]

REF SHC-PU SHC-SAP

Sand 0/5 853 853 853
Gravel 2/8 370 370 370
Gravel 8/16 328 328 328
CEM I 52.5 N 300 300 300
Limestone filler 300 300 300
Water 165 165 207
Glenium 51 3.33 3.00  12
SAP – –   3
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extent, autogenous crack healing and the influ-
ence of this effect is filtered out when results are 
compared. Bringing the beams into contact with 
water in order to obtain autogenous healing and 
to activate the self-healing approach with SAP, 
was done by giving the beams a shower with water 
four times a day during one minute for a time span 
of six weeks. Therefore, a plastic tube contain-
ing holes, over the complete length of the tube, 
was positioned in the middle above each of the 
beams (Fig. 3). At given times, water was pumped 
through the tubes so it was spraying over the top 
surface of the beams. As water was subsequently 
flowing along the sides of the beams, the side sur-
faces became also wet during each showering cycle. 
Water which was not absorbed by the cracks or 
by the concrete matrix was collected, by means of 
plastic foil, in basins which were positioned under-
neath the beams.

3.3 Evaluation of the healing efficiency

3.3.1 Crack width reduction
The initial widths of the cracks in the beams were 
measured by means of optical microscopy. For 
each crack, along the whole length of the beam, 
crack width measurements were performed at 9 
positions. 2 measurements at each side of the beam 
and 5 more measurements of the width at the top 
surface of the beam. For the beam with encapsu-
lated polyurethane, it was seen immediately that 
part of the cracks were filled up by polyurethane. 
During the seven weeks healing period for all of the 
beams, crack widths became lower due to autog-
enous (and autonomous) crack healing. Therefore, 
crack widths were measured a second time after 
six weeks spraying with water and the crack width 
reduction over time was calculated.

3.3.2 Reduction in water ingress
In order to evaluate the self-healing efficiency, the 
reduction in water ingress due to crack  healing was 

Figure 2. Setup of the four-point bending test with 
indication of the coordinate system, rods represent the 
position of the LVDT’s, the arrow indicates the load 
position and direction.

Figure 3. Showering of the concrete beams with water 
in order to induce autogenous crack healing and trigger 
the self-healing mechanism based on the use of embed-
ded SAPs.

test. Therefore, a measurement frame with a length 
of 1400 mm was positioned at the top of the beam 
(tensile zone), symmetrically with respect to the 
middle (Fig. 2). The total displacement within the 
area covered by this measurement frame was meas-
ured by an LVDT (LVDT6), which was connected 
to the frame in horizontal position. The measured 
displacement is mainly caused by the formation 
of cracks and further crack opening and partly by 
strain of the concrete matrix. Supposing that the 
contribution of concrete elongation is rather lim-
ited, the value measured by this LVDT represents 
the total crack opening within the zone covered 
by the measurement frame. Division by the total 
amount of cracks seen within this zone, results in 
the average crack width.

At the moment of crack formation, beams were 
loaded in four-point bending until the average 
crack width amounted to 250 μm. Note that this 
value is an overestimation of the real crack width, 
measured by means of microscopy, as both the 
strain of the concrete and the total crack width are 
taken into account when measuring the deforma-
tion in the zone covered by the measurement frame. 
Once this value was reached, the deformation of 
the beams were fixed and the jack was taken away 
during the seven weeks period of crack healing.

3.2 Crack healing

For the beam with encapsulated polyurethane 
(SHC-PU), crack formation triggered breakage of 
the capsules, release of the healing agent and sub-
sequent crack repair when the healing agent came 
into contact with moisture in the concrete matrix. 
For the other self-healing approach under investi-
gation (SHC-SAP) contact with water is needed in 
order to activate the mechanism. As contact with 
water also induces autogenous crack healing, the 
natural mechanism of crack healing which is inher-
ent to concrete, it was decided to bring all beams 
(REF, SHC-PU and SHC-SAP) in contact with 
water. In this way all beams would exhibit, to some 
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measured. After crack formation, plastic basins 
were glued onto each of the beams, covering 3 zones 
with a selected crack. The basins were made out 
of polyvinylchloride and had inside dimensions of 
50 mm × 230 mm (Fig. 4). The height of the basins 
amounted to 100 mm. At the top of the basins two 
holes were provided. One was used for water supply 
and closed during the test by means of a plug. In the 
second hole, a pipette was positioned with a length 
of 400 mm and an inner diameter of 12 mm. This 
pipette was used for accurate following of the water 
flow inside the crack during the test. At the bottom 
of the basin an outlet was provided for fast release of 
the water after finishing the water ingress test. Dur-
ing the measurement, the sides of the cracks, selected 
for water ingress, were sealed by means of self-ad-
hesive aluminum butyl tape in order to prevent the 
water intruding via the crack at the top from leach-
ing out of the crack via the sides of the beam.

Water ingress was calculated using equation 1.

k
aT
At

h
hfh

= ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

ln 0hh  (1)

with 
k = coefficient reflecting the water ingress [m/s]
a = cross-sectional area of the pipette [m2]
A = contact area of water with beam [m2]
T = height of beam [m]
t = time [s]
h0 and hf =  initial and final water head (sum of 

water height in basin and pipette) [m].

Water ingress measurements were performed 
immediately after crack formation and were 
repeated after crack healing.

4 RESULTS

4.1 Multiple crack formation

The aim was to investigate whether an improved 
crack healing efficiency was obtained for the beams 
with the implemented self-healing approaches 
(SHC-PU and SHC-SAP) compared to the refer-
ence beam (REF). As the crack healing efficiency, 
particularly the contribution of autogenous heal-
ing, depends on the crack width, we aimed for 
a similar crack width for all of the beams under 
investigation. Therefore, the beams were not 
loaded until a predefined load was reached, but 
they were loaded until an equal average crack 
width of 250 μm was reached. The SAP beam had 
a lower strength as the SAP particles act as flaws, 
thus stress initiators (Yao et al. 2011). In Table 2 it 
can be seen that the number of cracks within the 
zone covered by the measurement frame (Figure 2) 
differed for each of the beams, being 20, 22 and 
24 for the REF, SHC-PU and SHC-SAP beam, 
respectively. Due to this, the loading and thus also 
the elongation of the beams within the middle zone 
was different. For the REF beam and the SHC-PU 
beam, the elongation in the middle zone is repre-
sented as the sum of two values as the loading was 
performed in two stages. However, for each of the 
beams the average crack width (obtained by divid-
ing the total elongation in the middle zone by the 
number of cracks in the middle zone) amounted to 
approximately 250 μm.

In Figure 5 the vertical displacement meas-
ured by the LVDT’s positioned along the length 
of the beams is given. For the REF beam and 
the SHC-PU beam, the displacement is shown as 
the sum of two bars as these displacements were 
obtained in two separate loading stages. It can be 
clearly seen that for LVDT1 and LVDT5, which 
were placed close to the supports, the measured 
displacement was very little, as expected. For 
LVDT2 and LVDT4, placed symmetrically with 
regard to the middle position of the beam, a similar 

Figure 4. Setup used to measure the water ingress into 
the cracks.

Table 2. Multiple crack formation by four-point-bending.

Beam

# cracks 
in middle 
zone [–]

Elongation 
of middle 
zone [mm]

Average 
crack width 
[μm]

REF 20 4.01 + 1.10 256
SHC-PU 22 4.00 + 1.55 252
SHC-SAP 24 5.94 248
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negative value for the displacement was measured. 
As the y-axis is oriented downward (Fig. 2), nega-
tive values are obtained for the deformation of 
the beam loaded in upward direction. The highest 
negative value was seen in the middle of the beam 
(LVDT3). As for the SHC-SAP beam more cracks 
were detected in the middle zone, and thus loading 
was continued for a longer time, higher absolute 
values for the displacement were registered. While 
for the REF beam and the SHC-PU beam the dis-
placement in the middle of the beam amounted 
to −20.76 mm and −22.91 mm, for the SHC-SAP 
beam this value amounted to −25.84 mm.

4.2 Visualization of crack closure by microscopy

Due to cyclic exposure of the cracks to water for 
a period of six weeks, cracks showed some autog-
enous healing. In Figure 6A it can be seen that for 
the REF beam some crack healing was noticed, 
however, this remained limited to the smaller 
cracks. White precipitates, connected to the crack 
faces, can be seen. For narrower cracks this led to 
complete crack healing, however, for larger crack 
widths we noticed that for the REF beam no com-
plete crack healing could be obtained. This con-
firms that the natural, autogenous, crack healing 
mechanism is limited to healing of smaller cracks.

For the beam with encapsulated polyurethane 
(SHC-PU), the highest portion of crack healing 
occurred at the moment of crack formation and 
capsule rupture. However, due to the six weeks 
spraying with water some additional autog-
enous healing closed the cracks. This is shown 

in  Figure 6B. While the upper part of the crack 
is filled with polyurethane healing agent, it can be 
seen that the lower part is partly filled with calcium 
carbonate crystals.

In the beam with superabsorbent polymers 
improved crack healing was noticed. This can be 
clearly seen in Figure 6C. In this case more com-
plete crack healing was obtained and also larger 
cracks could be more completely filled.

4.3 Crack closing ratio

The crack closing ratio was calculated as the dif-
ference in crack width before and after healing 
divided by the original crack width. This evalua-
tion procedure only takes into account the amount 
of healing obtained during the six weeks shower-
ing period and not the extent of immediate heal-
ing of the beam with encapsulated polyurethane 
(SHC-PU). Cracks were divided into different 
categories, based on the original crack width, and 
crack closing ratios were calculated for each cat-
egory of each test series.

What immediately can be seen from Figure 7 
is that smaller cracks are more likely to be healed 
compared to wider cracks. For crack widths within 
the range of 0 to 50 μm, healing ratios within the 
range of 40 to 80% were obtained, while for the 
cracks within the largest crack width range (200 
to 250 μm), healing ratios only amounted to 10 to 
30%. A gradual decrease of the healing ratio for 

Figure 5. Vertical displacement of the beams at the 
 position of LVDT1, LVDT2, LVDT3, LVDT4 and 
LVDT5.

Figure 6. Micrograph of a healed crack inside the 
reference beam (A), the beams with encapsulated poly-
urethane (B) and the beams with superabsorbent poly-
mers (C). The white line in the pictures represents a 
distance of 1 mm.
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each test series can be seen with increasing crack 
width range. A second very clear finding is that 
the healing ratio for the beam with embedded SAP 
particles (SHC-SAP) is considerably higher com-
pared to the healing ratios which are obtained for 
the two other test series under investigation (REF 
and SHC-PU, having almost the same healing 
ratios for each range).

This finding clearly indicates that the addition 
of SAPs to the concrete matrix promotes crack 
healing when the crack faces are exposed to water. 
Due to the addition of SAP, a healing ratio of 80% 
was obtained for cracks within the smallest crack 
width range. But also for the largest range, about 
30% healing was obtained when SAPs were added 
to the matrix. Although no improved healing ratio 
is noticed when the SHC-PU beam is compared 
with the REF beam, this does not mean that heal-
ing was inefficient for this series. The healing effi-
ciency of the SHC-PU beams is just not reflected 
by this experiment as at the time of the initial crack 
width measurement, autonomous healing already 
occurred for the SHC-PU beam. This experiment 
only shows the amount of additional autogenous 
crack healing which occurred during the seven 
weeks healing period with six weeks showering.

4.4 Decrease in water ingress

As can be seen from Figure 8, before crack healing, 
the water ingress into the cracks of the beam with 
embedded SAPs was clearly higher compared to the 
ingress into the other series (REF and SHC-PU). 
This is due to the fact that the SAP particles within 
the matrix of this beam attract an additional 
amount of water. However, this will result in a ben-
eficial effect later on, as the water, absorbed by the 
SAPs, will be released to the surrounding cemen-
titious matrix and result in further  hydration and 

Figure 7. Crack healing ratio obtained within each crack 
range and for each of the test series under investigation.

Figure 8. Water ingress into three (some results are 
missing) selected cracks for each test series measured 
before and after the healing period.

calcium carbonate precipitation. When these newly 
formed crystals are precipitated inside the cracks 
this results in an increased autogenous crack heal-
ing efficiency. This improved healing  efficiency 
is partly represented by the results shown in 
 Figure 8. While for the REF beam and the beam 
with encapsulated polyurethane (SHC-PU) higher 
water ingress values were obtained after healing, 
the SHC-SAP beam showed lower water ingress. 
We believe this should be attributed to healing of 
the cracks as for the SAP series crack closure was 
also shown from the microscopic analysis. The fact 
that higher water ingress was measured for the two 
other test series (REF and SHC-PU) is in contra-
diction with our expectations. However, we believe 
that this finding is due to the fact that the satura-
tion state of the beams at the moment of the water 
ingress measurements was different before and 
after healing. Moreover, these water ingress meas-
urements were very difficult to perform as for some 
of the selected cracks water was not only intruding 
in the concrete matrix via the crack but also leaked 
out of neighboring cracks. This makes it very dif-
ficult to draw sound conclusions from this test.

5 CONCLUSIONS

From this study it can be concluded that both self-
healing approaches under investigation have some 
potential to be applied on real scale. However, the 
use of encapsulated polyurethane requires much 
more preparation to fill the tubes and position 
them in the moulds compared to the addition of 
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SAPs. Therefore, current research focusses on the 
development of encapsulation materials with prop-
erties evolving over time. So at first they should be 
flexible and survive concrete mixing while later on 
the capsules should become very brittle to break 
at the moment of crack formation. Use of this 
type of capsules would strongly decrease the time 
needed for preparation of concrete elements con-
taining encapsulated healing agent. This is subject 
to further research.

With regard to healing, the approach making 
use of embedded SAP seems to result in the high-
est healing efficiency. Crack closure was obviously 
enhanced through the addition of SAPs to the 
concrete matrix. This was less clear for the beams 
with embedded polyurethane, however, the heal-
ing efficiency of this approach was not reflected 
by the crack width measurements. While it was 
hard to prove a good healing efficiency from the 
water ingress measurements, after crack formation 
release of polyurethane from the capsules inside 
the cracks was clearly noticed.
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Sprayed textile reinforced concrete layers for a durable protection 
of waterway engineering structures

C. Morales Cruz & M. Raupach
Institute of Building Materials Research (ibac), RWTH Aachen University, Germany

ABSTRACT: At the Institute of Building Materials Research (ibac) of the RWTH Aachen Univer-
sity, DURTEX, a durable, watertight, and crack-bridging protective textile reinforced concrete layer, was 
developed for restoring concrete, steel reinforced concrete or natural stone structures. A pilot application 
includes the surface repair of a pillar of the Weir Horkheim in Heilbronn-Horkheim where promising first 
results under real conditions were achieved (Orlowsky et al. 2011, Orlowsky et al. 2012, Morales Cruz et al. 
2014a). This pilot application is vital for the joint research project between public administration partners, 
industry partners and research institutes of the RWTH Aachen University. It seeks to further develop and 
create procedures for the surface repair of hydraulic structures with low strength concrete surfaces. The 
paper at hand provides an overview of the function principle of DURTEX. Furthermore, the components 
of the developed DURTEX-protective layer, with which a crack-bridging up to 0.3 mm has been achieved, 
are presented. Additionally, the practical implementation of the developed application methods on the 
boiler house of the power generating plant eins energie in sachsen is introduced. To conclude, first results 
of an inspection three months after the completion of the sample surfaces are presented.

The permissible surface repair methods of water-
way engineering structures are presented in Table 2. 
For the surface repair of such structures anchored, 
steel-reinforced concrete or sprayed-concrete 
layers are allowed. Alternatively, non-anchored, 
unreinforced concrete, mortar, sprayed-concrete or 
sprayed-mortar layers, which are connected over 
adhesive strength to the concrete substrates, can be 
used. In the few cases when these structures are not 
exposed to water or rear water penetration, surface 
protection systems can be applied.

A disadvantage of steel-reinforced concrete or 
sprayed concrete is the high layer thickness, which 
is required for the necessary corrosion protection 
of the steel reinforcement. The associated increase 
in the component cross-section can be problem-
atic for the repair of hydraulic structures, such 
as floodgates and weir structures, since the inside 
space is often limited.

For the old concrete classes A2–A4 it is allowed 
to produce thinner (20 ≤ d ≤ 60 mm), unreinforced, 
non-anchored layers by using sprayed-mortar/ 
concrete systems (ZTV-W LB 219 copy 2013). 
So far, only a few (four in total) unreinforced 
sprayed mortar/concrete systems are listed in the 
“ Compilation Hydraulic Engineering” for the 
repair of the old concrete class A3, and only one is 
listed for the repair of the old concrete class A2. In 
addition to the limited availability of unreinforced 
surface repair systems, cyclically opening cracks 

1 INTRODUCTION

The results of the inspections of hydraulic struc-
tures carried out by the Federal Office of Hydraulic 
Engineering (BAW) have shown that many hydrau-
lic structures show an increased maintenance 
demand. In several cases, unreinforced tamped 
concrete hydraulic structures show not only low 
concrete strengths, but also cyclic opening move-
ment joints and cracks. Considering the upcoming 
repair measures and taking the different concrete 
properties of the existing waterway engineering 
structures into consideration, four “old concrete” 
classes were created (A1–A4). These concrete sub-
strates are classified depending on their compres-
sive and surface strength (see Table 1).

Table 1. Classification of the concrete substrates 
according to the ZTV-W LB 219.

Characteristic values Unit

Old concrete class

A1 A2 A3 A4

Compressive strength N/mm2 ≤10 >10 >20 >30
Surface strength 

(arithmetic mean)
– ≥0.8 ≥1.2 ≥1.5

Surface strength 
(lowest single value)

– ≥0.5 ≥0.8 ≥1.0
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and joints in the concrete substrates, which lead 
to a “break-through” of the cracks in the repair 
system and in a reduction of the intended service 
life due to water penetration, possibly resulting in 
spalling of the repair layer, hinder the use of unre-
inforced sprayed-mortal/concrete systems.

In cooperation with industry partners and 
research institutes of the RWTH Aachen Uni-
versity, two non-anchored surface repair systems 
(S-A2 and S-A3) for substrates without water pres-
sure as well as two anchored systems (S-A2 and 
S-A3) for substrates with gap water pressure (up to 
50 kN/m2) are being investigated within the frame-
work of the transfer project T09, which is funded 
by the German Research Foundation (DFG) Tex-
tile Reinforced Sprayed Mortar Layers for the Sur-
face Repair of Waterway Engineering Structures.

In order to comply with the permissible layer 
thickness of 60 mm for sprayed-mortar/concrete 
layers, so-called technical textiles can be used as 
reinforcement material. Technical textiles are biax-
ial fabrics made from AR-Glass fiber or Carbon 
rovings and have mesh sizes from 5 to 38 mm. The 
combination of technical textiles with a cement-
bound matrix is known as textile reinforced con-
crete “TRC”.

To achieve a fine crack distribution with suffi-
ciently small crack widths and to provide a sealing 
effect, a de-bonding area must be created along 
the sides of  the joint or crack in the supporting 
surface (see Fig. 1). The de-bonded area creates 
a free expansion length in the protective layer. 
The number and width of  the resulting cracks in 
the protective layer mostly depend on the type 
of  textile reinforcement, the width of  the de- 
bonding area, and the bonding behavior between 
the cement matrix and textile reinforcement. Since 
the de-bonded area is much smaller than the total 
bonded area, it can be assumed that the durability 
of  the protective layer is not negatively influenced 
by any local de-lamination between the support-
ing surface and the protective layer. The combi-
nation of  the properties of  the protective layer 

“durable, watertight and crack-bridging” and the 
material TRC frame the acronym DURTEX. The 
individual components of  the DURTEX protec-
tive layer are:

– concrete or sprayed mortar/concrete,
– textile reinforcement,
– de-bonding area,
– anchorage (if  necessary).

The fundamental suitability of  the DURTEX 
protection layer, with respect to the transfer of 
the crack opening of  the substrate into many fine 
cracks on the protective layer surface, has already 
been demonstrated in laboratory studies on tex-
tile reinforced cement mortar mixtures (Büttner 
et al. 2013).

2 MATERIALS

Within the framework of this project, two dried 
sprayed polymer-modified concrete mixtures (S-A2 
and S-A3) were developed for the surface repair of 
the old concrete classes A2 and A3 (Morales et al. 
2014c). Starting points for the development of the 
sprayed concrete mixtures are the requirements 
according to the leaflet “Spritzmörtel/ Spritzbeton 
nach ZTV-W LB 219, Abschnitt 5, (MSM) 
 Ausgabe 2012” and the limitations of the layer 
thickness in (ZTV-W LB 219 copy 2013). With the 
chosen grain size of 6 mm, the total layer thickness 

Table 2. Permissible protection and repair systems according to the ZTV-W LB 219.

Old concrete 
class

Sprayed-concrete 
concrete 

Sprayed-mortar/
concrete

Polymer modified 
cement concrete

Surface protection 
systemsd ≥ 90 mm 20 ≤ d ≤ 60 mm 10 ≤ d ≤ 60 mm

A1 X X* – – –
A2 X X S-A2** – –
A3 X X S-A3** – X*
A4 X X S-A4** X* X

*Only under certain condition (see ZTV-W LB 219); **the compression strength and deformation behavior of the 
sprayed mortar/concrete surface repair systems must be adapted to the corresponding old concrete class.

Figure 1. Schematic drawing of the textile reinforced 
concrete DURTEX-layer. The crack width and the 
number of cracks on the DURTEX-layer and supporting 
surface are presented—the de-lamination zone is exag-
gerated on purpose.
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can range from 20 mm to 60 mm. Aspects such as a 
low elastic modulus, the low shrinkage values with 
highly developed micro-crack formation ability, as 
well as a high adhesiveness value were pursued (see 
Table 3).

During this project various textile structures 
have been tested, including: AR-Glass and carbon 
fibers, impregnated with SBR (Styrene-Butadiene 
Rubber) or EP (Epoxy), as 2D and 3D structures. 
In Figure 2, two commercially available textile 
reinforcements, which were favored in the studies, 
are presented.

Since the goal of the DURTEX-protective layer 
is to increase the durability and not to strengthen 
the load bearing capacity of the substrate, the focus 
was on improving the bonding behavior between 
textile reinforcement and sprayed polymer-
 modified concrete mixtures. Current studies inves-
tigate possible surface modification processes. First 
results on subsequent sand dusted epoxy-coats 
show an increase of the adhesive strength between 
cement-matrix and textile reinforcement.

In the conducted studies, the width of the de-
bonded area varied between 12 and 22 cm along the 
crack of the supporting system. So far, hydraulic 
materials (polymers such as epoxy resins or poly-
urethanes) and various one-sided adhesive tapes 
were tested. The effectiveness of the de-bonding 
materials was tested in adhesive tensile strength 
tests. For the use on the construction site, tapes 

are suitable because of the uncomplicated and fast 
application and good de-bonding performance (see 
Fig. 4, left). Cementitious materials can be used to 
de-bond wide and scrawly cracks in substrates (see 
Fig. 4, right).

Table 3. The characteristic values of the surface repair 
systems.

Characteristic 
values Units

Old concrete class

S-A2 S-A3

Compressive 
strength, 28d

N/mm2 26.8 29.7

Ultimate flexural 
strength, 28d

6.5 6.3

Shrinkage, 28d mm/m −0.52 −0.51
Elastic modulus 

(static), 28d
N/mm2 21500 23500

Figure 2. EP impregnated carbon textiles. Left: 2D textile, 
right: 2 Layers of the 2D textile at a distance of 20 mm.

Figure 3. EP impregnated carbon structures with a sub-
sequent sand dusted epoxy-coat.

Figure 4. De-bonding materials. Top: acrylic-adhesive with 
HDPE-film, bottom: cement-based coat (StoCrete FB).
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3 EXPERIMENTS

In order to quantify the interaction between the 
sprayed polymer-modified concrete and the textile 
reinforcement, extensive studies on the composite 
system are required. Both, the load-bearing capac-
ity as well as the crack-bridging ability of the textile 
reinforced protective layer are relevant and need 
to be investigated. In order to test the mechanical 
properties—load bearing capacity and the crack-
bridging ability—two different experimental set-
ups are required (Büttner et al. 2013, Morales et al. 
2014c). The load bearing capacity of DURTEX is 
investigated in uniaxial tensile tests as described in 
(Orlowsky et al. 2011), while the determined failure 
loads are used as part of a structural design. The 
crack distribution and the crack spacing hint at the 
bonding behavior of the textile reinforcement and 
the sprayed polymer-modified concrete.

At ibac, the crack-distributing ability of 
DURTEX is quantified with the test set-up shown 
in Figure 5 (Morales et al. 2014b). This test set-up is 
based on the crack-bridging examination of surface 
protection systems according to (DAfStb, 2001). 
However, the dimensions were adjusted to the 
materials and test specimen (70 × 10 × 9–12 cm3).

The aim of the crack-bridging experiment (see 
Fig. 5) is the quantification of crack-distributing 

properties of the DURTEX-layer with a defined 
crack opening of the supporting surface. By con-
verting the crack opening of the supporting sur-
face into much smaller cracks in the protection 
layer (goal: w ≤ 0.1 mm), it is possible to achieve 
water tightness (in a technical sense). The crack-
 distributing ability of the protective layer is influ-
enced by the textile reinforcement, the cement 
matrix as well as by the de-bonding width.

When testing the crack-distributing ability of 
the protection layer two points have to be consid-
ered. First, the crack-bridging test must be carried 
out under uniaxial tensile stresses of the protective 
layer (perpendicular to the cracked supporting sur-
face) and must be conducted as such, in order to 
avoid an unintended bending. Secondly, the goal 
to measure the number of cracks and their widths 
(w ≤ 0.1 mm) on the protective layer continuously 
during the test is only possible when using measur-
ing instruments with a high resolution (e. g. digital 
close range photogrammetry). The photogram-
metric measuring process is divided in two phases: 
the image recording and image analysis phase 
(Morales et al. 2014b). At ibac, a photogrammetric 
measuring system of the company GOM is used. 
The 3D video measuring system ARAMIS® is able 
to measure the deformation of the sample in real 
time without contact. The ARAMIS® Systems can 
only detect sufficiently structured surfaces. There-
fore, a stochastic pattern is sprayed onto the test-
ing surface (see Fig. 6). In addition to measuring 
the deformation of the protective layer during the 
crack-bridging test, the tensile load and the crack 
opening on both sides of the crack on the support-
ing surface were measured with inductive dis-
placement sensors (see Fig. 6). This allowed the 
subsequent analysis of the number of cracks, the 
crack spacings and the individual crack widths on 
the surface of the DURTEX-layer. Furthermore, 
the effectiveness of the DURTEX-layer at any 

Figure 5. Test setup including the image recording 
ARAMIS® System.

Figure 6. Close-up of the crack-bridging specimen, the 
stochastic pattern on the testing surface as well as the 
inductive displacement sensor.
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crack width opening of the supporting surface can 
be determined and compared.

The second phase of the photogrammetric 
measuring process, the image analysis phase, is 
also carried out with ARAMIS®. An example is 
presented below.

4 RESULTS

The crack bridging test is a realistic simulation 
of crack movements occurring in the structure. 
Figure 7 shows an exemplary analysis of the crack-
bridging test done with ARAMIS® for a DURTEX 
protection developed during this project. The fol-
lowing materials were selected:

– two 2D layers of an EP impregnated carbon tex-
tile reinforcement

– a sprayed polymer-modified concrete mixture 
(S-A2)

– and a 12 cm wide de-bonding tape.

Figure 7 displays that a crack opening of the 
supporting surface of 0.5 mm leads to the forma-
tion of four cracks on the protective layer within 
the de-bonding area. The mean crack-width is 
0.12 mm.

Additionally, Figure 7 provides evidence that 
the goal to deform the specimen uniaxially has 
been achieved. The measured deformation (with 
the inductive displacement sensors) corresponds to 
the sum of the single crack widths in the protective 
surface (see Fig. 7, bottom left).

Taking the existing measurement data into 
account, a maximum crack width opening of 
0.6 mm of the substrate was set as basis for 

this project. The measurements at Weir Horkheim, 
which faced natural weathering conditions for 
more than two and a half  years, showed a maxi-
mum crack opening of the substrate of 0.28 mm. 
Thus, the requirements of this project are on the 
safe side. In order to achieve the goal of crack 
widths of w < 0.1 mm on the protective layer at 
a crack opening of 0.6 mm of the substrate, the 
width of the de-bonding material can be increased 
e. g. to 20 cm. However, a controlled crack distribu-
tion with crack widths w < 0.1 mm, with a 0.3 mm 
crack opening in the substrate with the developed 
DURTEX protective layer is possible with the 
12 cm de-bonding width. Further experiments are 
underway.

5 IMPLEMENTATION OF THE DURTEX 
CONCEPT—EINS ENERGIE IN 
SACHSEN

The testing of the two practice-applicable methods 
(“layer by layer” and “one step”) under real con-
struction conditions were tested on a 20 m2 wall of 
a boiler house of the power generating plant eins 
energie in Sachsen. However, the sample surface 
presented neither cyclic opening movement joints, 
nor cracks.

In cooperation with the companies Massen-
berg und StoCrete, a total of four sample surfaces, 
with a sprayed polymer-modified concrete mixture 
(S-A2) and carbon textile reinforcement, were cre-
ated in November 2014. In Figure 8, the setup of 
the four sample surfaces is presented.

The sample surfaces 2 and 3 were created using 
the layer by layer method. First, a 10 mm thick 
layer of sprayed concrete is applied, followed by 
the manual placement of the first layer of textile 
reinforcement. These two steps are repeated and 
finalized with a top layer (sprayed concrete). This 
results in a good bond between technical textiles 
and sprayed concrete.

In sample surface 4, one production step is 
reduced as a result of the special textiles used (see 
Fig. 2, right). Due to the spacing between the two 
2D-layers, the total layer thickness was increased. 
The mesh size of the textile reinforcement and the 
spacing between the two 2D-layers are crucial for 
ensuring an adequate penetration of the sprayed 
concrete. Disregarding this will lead to flaws and 
so-called “spray-shadows”.

The setup of the sample surfaces 2, 3 and 4 is 
not suitable for substrates with gap water pressure, 
since they require an anchored protection layer to 
the substrate. Therefore, a second method (single 
layer spraying) was developed in the context of this 
project. By using either textile spacers or anchors, 
the technical textiles can be set in place, reducing 

Figure 7. Analysis of the crack-bridging test with ARA-
MIS®. Top left: individual cracks over the crack opening 
of the concrete body; bottom left: sum of the cracks in 
the protective layer over the crack opening of the con-
crete body; right: visualization of individual cracks in the 
measuring field.
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the concrete spraying steps to one (see sample 
surface 1). However, this method leaves less space 
for inaccuracies. In order to prevent flaws or spray 
shadows, it must be assured that the rovings of the 
technical textiles are located directly above one 
another.

The general condition of the four sample sur-
faces was examined in February 2015, three 
months upon their completion. First results show 
that the adhesive tensile strength of all four sam-
ple surfaces complies with the requirements of the 
BAW (BAW Merkblatt 2012).

6 CONCLUSION

In the publication at hand, the concept of a tex-
tile reinforced, flexible protective layer to repair 
concrete surfaces with moving cracks in concrete 

structures durably was presented. The results can 
be summarized as follows:

− The protective layer DURTEX is capable of 
deforming itself  as well as absorbing the move-
ments and the loads acting from the substrate.

− The crack-bridging test set-up allows a uniaxial 
tensile test of the protective layer.

− The optical inspection and analysis of the pro-
tective layers when using ARAMIS® allows the 
continuous measurement of the deformation 
and the crack widths of the protective layer.

− A controlled crack distribution with crack 
widths w < 0.1 mm at a 0.3 mm crack opening 
in the substrate with the developed DURTEX 
protective layer has been shown.

− Two practice applicable methods under real con-
struction conditions were developed and tested 
during this project.

Within the framework of this project, the use of 
textile reinforced concrete for the repair of hydrau-
lic structures will be further investigated. Current 
studies examine the change in the crack-bridging 
properties of the DURTEX-layer under cyclic 
and permanent load, combined with rear water 
pressure.
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Production and fresh properties of powder type self—compacting 
concrete in Sudan
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ABSTRACT: This paper presents the results of  an experimental study conducted to produce powder 
type self-compacting concrete in Sudan. The primary objective of  the study is to conduct an explora-
tory work towards the development of  a suitable SCC mixes in the hot climate of  Sudan, with special 
consideration focus on solving problems related to satisfactory segregation resistance, filling, and pass-
ing abilities thorough conducting a series of  trial mixes. In addition, the paper investigates different 
fresh properties of  SCC and their interrelations at the fresh state. Different tests were carried out to 
characterize raw materials. All necessary modifications in proportioning and mixing are mentioned. 
Mixing procedure adopted in the study is well explained. Different successful SCC mixes were produced 
and their fresh properties were studied. Some reliable statistical relations between fresh properties of 
SCC were developed and presented. Comparisons of  these relations with previously published relations 
showed that in spite of  the different material type, proportions, humidity, environmental and climatic 
conditions, the overall performance of  the fresh self-compacting concrete mixes achieved, demonstrated 
same pattern. The effects of  fly ash content and super plasticizer dose on fresh properties of  SCC are 
also highlighted. Results also showed that marginal high strength concrete could be produced with same 
constituent proportions.

1 INTRODUCTION

A recent innovation in construction industry that 
makes use of  advance technology of  both min-
eral and chemical admixtures is Self-Compacting 
Concrete (SCC). Sudan is one of  the developing 
countries that face many problems in the field 
of  construction and infrastructures; one solution 
of  these problems is towards employment of  self-
compacting concrete, which overcomes the prob-
lem of  non-skilled labor, saves time, and solve 
durability problems. The application of  SCC in 
Sudan is very rare because of  lack of  research 
and published data pertaining to locally produced 
SCC.  Therefore, there is a need to conduct stud-
ies, further researches, and investigations to get 
the knowledge of  SCC and to be aware about 
its all aspects; starting from selection of  suitable 
constituents including superplasticizer, mineral 
admixtures, mix proportion optimization, assess-
ment of  the fresh state and hardened state proper-
ties to produce it successfully (Kabashi & Daoud, 
2014).

Table 1. Chemical analysis of cement.

Test % by mass

Loss on ignition at 1000°C  4.63
Silica as SiO2 19.53
Aluminum oxide as Al2O3  5.66
Ferric oxide as Fe2O3  3.20
Calcium oxide as CaO 58.37
Magnesium oxide as MgO  2.67

2 MATERIALS USED

2.1 Cement

Ordinary Portland cement (Type I) was used. The 
chemical analysis of cement is presented in Table 1.

2.2 Fly ash

Class F Fly ash obtained from Zouxian power 
plant was used. The chemical analysis of fly ash is 
presented in Table 2.
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2.4 Chemical admixtures

Sikament®—R2004 complies with ASTM C- 
494 Type G and BS 5075 part 3 was used. It is a 
 modified synthetic dispersion brown liquid with 
density of 1.2 ± 0.005 kg/l at 20° C.

2.5 Fine aggregates

Locally available natural sand was used as fine 
aggregate. The sand used was classified as class M 
according to BS 882:1992. Physical properties of 
sand and sieve analysis are presented in Table 3–4 
respectively.

3 EXPERIMENTAL WORK

3.1 Mixing procedure

A fixed mixing procedure takes 10 minutes 
was adopted and carried out throughout this 
research using a drum type concrete mixer. In 
order to achieve maximum super plasticiser effi-
ciency,  dispersion of  the powder, and to avoid 
balling effect; the concrete was mixed in the 
following way:

1. Powder (including cement and/or fly ash) and 
aggregate (fine and coarse) were mixed for one 
minute;

2. The 1st part (80%) of mixing water was added 
slowly while mixing and mixed for another one 
minute;

3. The 2nd part (20%) of mixing water with super 
plasticizer dissolved in it was added slowly while 
mixing for another 1 minute;

4. Mixing was continued for a further 2 minutes;
5. The mix was allowed to rest for 3 minutes;
6. The mix was remixed for 2 minutes and dis-

charged for testing.

Figure 1. Particle size distribution of coarse aggregates 
using BS jacket.

Table 3. The physical properties of 
fine aggregates.

Test conducted Result

Specific gravity 2.65
Total water absorption 0.5%
Fineness modulus 2.36

Table 4. Sieve analysis of fine aggregates.

BS sieve 
size (mm)

Retained 
weight (g)

Percentage 
retained by 
weight

Percentage 
passing by 
weight

10.0 mm 0 0 100
5.00 mm 1.8 0.262 99.74
2.36 mm 5 0.728 99.27
1.18 mm 78.3 11.41 88.59
600 μm 321.7 46.86 53.14
300 μm 556.14 81.01 19
150 μm 660.01 96.14 3.86
PAN 686.53 ∑ = 236.41

Figure 2. Slump flow test.

Table 2. Chemical analysis of fly ash.

Test % by mass

Loss on ignition at 1000°C  1.61
Silica as SiO2 49.78
Aluminum oxide as Al2O3 36.63
Ferric oxide as Fe2O3  3.71
Calcium oxide as CaO  4.00
Magnesium oxide as MgO  1.04

2.3 Coarse aggregates

Natural crushed igneous stones with maximum 
size 20 mm processed from the local quarries of 
Toryia Mountain were used as coarse aggregates 
(Fig. 1). The average values of specific gravity and 
absorption were 2.87 and 1.1%, respectively.
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3.2 Mix proportions

Table 5. Mix proportioning.

Trial mix. 
no.

Total powder 
content 
(kg/m3)

Cement 
(kg/m3)

FA 
(kg/m3)

Sand(S)
(kg/m3)

C.A
(kg/m3)

S/C.A
ratio

Water
(kg/m3)

W/P
ratio

SP
(L/m3)

1 528 528 – 950 792 1.20 190 0.36 8
2 528 528 – 793 898 0.88 212 0.4 9
3 536 536 – 910 803 1.13 198 0.37 8
4 536 536 – 910 803 1.13 198 0.37 8.8
5 550 550 – 901 763 1.18 200 0.36 13.3
6 550 550 – 858 820 1.05 200 0.36 8.8
7 550 550 – 858 820 1.05 200 0.36 10
8 550 550 – 858 820 1.05 200 0.36 8.7
9 550 465 85 858 820 1.05 200 0.36 10

10 550 465 85 858 820 1.05 200 0.36 8.7
11 550 465 85 858 820 1.05 200 0.36 6
12 550 465 85 858 820 1.05 200 0.36 7.3
13 550 415 135 858 820 1.05 200 0.36 8.75
14 550 415 135 858 820 1.05 200 0.36 7.3
15 550 415 135 858 820 1.05 200 0.36 6
16 550 355 195 858 820 1.05 200 0.36 5
17 550 355 195 858 820 1.05 200 0.36 6.7
18 550 355 195 858 820 1.05 200 0.36 6

4 RESULTS AND DISCUSSION

4.1 General

The results of fresh properties tests of trials been 
performed during experimental work is presented 
in Table 6, while the succeeded trials that satis-
fied self-compacting properties were selected and 
shown n separate in Table 7. The slump flow of 
selected mixes obtained ranged from approxi-
mately 650 mm to 750 mm indicated good 
deformability (Fig. 2). The slump flow obtained 
categorized as SF2, which is suitable for many 
normal applications (e.g. walls, columns). Test 
results of this research indicated that all selected 
SCC mixes shown in Table 7 meet the requirements 
of allowable flow time and categorized as VS1/
VF1 (Fig. 3); the selected mixes has similar slump 
flow times of average 2 seconds. Consequently all 
selected mixes has good flowability even with con-
gested reinforcement, and the addition of fly ash 
did not affect the slump flow time. As indicated by 
the J-ring results (Fig. 4), all mixes exhibited good 
passing ability and no blockage was exhibited in 
any of the mixes. All selected mixes displayed good 
resistance to segregation categorizes as SR2. The 
values obtained in this study are in agreement with 
the results reported by other researchers.

The first trial conducted has failed because 
of incompatibility of the trial constituent’s pro-
portions; sand content was too much. The trial 

resulted in high amounts of bleeding and segrega-
tion. In the second trial the constituent propor-
tions were adjusted; Fine aggregate content was 
reduced to 793 kg/m3, and coarse aggregate was 
increased to 898 kg/m3. Water and SP were also 
increased to 212 kg/m3 and 9 l/m3 respectively, 
while cement content kept constant at 528 kg/m3. 
In spite of this, a considerable amount of bleeding 
and segregation were also noticed. Consequently 
all proportions were readjusted in the third trial; 
cement content and Fine aggregate content were 
increased to 536 kg/m3 and 910 kg/m3 respectively. 
Coarse aggregate, water, and SP were reduced to 
803 kg/m3, 198 kg/m3 and 8 l/m3 respectively to be 
within the guidelines typical ranges. The third trial 
showed good results, but the V-funnel time after 
5 minutes was not within the recommended lim-
its, furthermore, the slump flow time achieved the 
maximum recommended value (5 sec.), so both 
results indicate relatively high viscosity. Therefore 
in the fourth trial the super plasticizer dosage was 
increased to maintain adequate viscosity. Some of 
the workability characteristics were obtained, but 
from a visual sight of view and according to the 
result obtained from screen stability test the seg-
regation index was 10.2%, it seems that SCC mix 
would be prone to segregation. Thus to proceed 
towards achieving homogenous powder type SCC 
mix, the cement content was increased to 550 kg/
m3 in trial number five. The coarse aggregate and 
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Figure 3. V-funnel test. Figure 4. J-ring test.

Table 6. Fresh properties tests results.

Mix. ID.

Slump flow test J-ring test V-funnel test
GTM screen 
stability test %Dia. (mm) T50 cm (s) Dia. (mm) T50 cm (s) Bj (mm) T10 s (s) T5 min. (s)

 1 – – – – – – – –
 2 – – – – – – – –
 3 – – 735 5 0.85 9 12:50 –
 4 745 3:40 735 5 1.4 6 7 10.2
 5 775 3:30 – – – – – –
 6 590 3:50 570 4:30 2.1 5 6:02 4.5
 7 731 2:35 720 3:23 1.5 6 6:27 –
 8 730 2 660 2:58 1.1 6:30 7 4.9
 9 810 3:30 805 2:52 1.1 8 8:12 39
10 775 2:08 760 2:55 1.03 8 8:30 17.8
11 495 – – – – – – –
12 700 2 670 2:51 1.1 6 6:19 8.2
13 800 1:48 755 2 1.03 4:22 5 33
14 767 3 705 3:50 1.03 7:20 8:54 15.7
15 690 2 680 2:10 1.65 6:21 7 8.1
16 480 – – – – – – –
17 750 – – – – – – –
18 660 2 653 2:34 1 6 6:10 5.1

Table 7. Fresh properties tests results of selected SCC mixes.

Mix. ID.

Slump flow test J-ring test V-funnel test
GTM screen 
stability test %Dia. (mm) T50 cm (s) Dia. (mm) T50 cm (s) Bj (mm) T10 s (s) T5 min. (s)

CM 730 2 660 2:58 1.1 6:30 7 4.9
SCC 15% 700 2 670 2:51 1.1 6 6:19 8.2
SCC 25% 690 2 680 2:10 1.65 6:21 7 8.1
SCC 35% 660 2 653 2:34 1 6 6:10 5.1

fine aggregate contents were decrease to 763 kg/
m3 and 901 kg/m3 respectively, while water and 
SP dosage were increased to 200 kg/m3 and 13.3 
l/m3 respectively. The trial has failed because of 
high dosage of super plasticizer used. In the next 

trial, the coarse aggregate and fine aggregate con-
tents readjusted to 820 kg/m3 and 858 kg/m3. This 
amounted to 50% of its solid volume and 46% 
by volume of mortar in concrete, respectively as 
recommended by rational mix design (Liu, 2009). 
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The w/p ratio was kept constant at 0.36 and SP 
was reduced to 8.8 l/m3. This trial satisfied self-
compactability requirements, but low slump flow 
value of 590 mm was obtained. Therefore in the 
trials number seven and eight super plasticizer dos-
age was varied to satisfy the optimum slump flow 
value in addition to the other required characteris-
tics of SCC. Both trials gave good results, but mix 
number eight was adopted as a reference or control 
mix to study the effects of using fly ash class F to 
replace cement in SCC mixes. Different percent-
age of 15%, 25% and 35% fly ash class F replaced 
cement were used. In the succeeding trials (nine, 
ten, eleven, and twelve) 15% of fly ash class F was 
used to replace cement. All proportions were kept 
constant as in the control mix, except SP dosage 
varied to satisfy self-compactability requirements. 
Trial number nine has failed; segregation occurred 
because of high dosage of super plasticizer (10 kg/
m3) used. The obtained segregation index (SI) was 
very high about 39%. Therefore in order to con-
trol Segregation the SP dosage was reduced to 
8.7 l/m3 in trial number ten. But this resulted in 
inhomogeneous mix with lower value of SI about 
17.8%. Therefore, more reduction in SP dosage 
was used in trial number eleven towards getting a 
homogenous mix with SI less than 15%. SP dos-
age of about 6 l/m3 was used, but the trial failed 
due to the low dosage of SP used. Slump flow of 
495 mm lower than recommended was obtained. 
The SP dosage was increased again to 7.3 l/m3, this 
time the trial succeeds and satisfactory results were 
obtained. The following trials (thirteen, fourteen, 
and fifteen) examined the effects of 25% fly ash 
class F replacing cement. Trial number thirteen 
failed due to segregation, (SI) was very high 33%, 
so the SP dosage was reduced in trial number four-
teen which achieved SI equal to 15.7%. A further 
reduction in SP dosage was done in trial number 
fifteen which successfully gave the required results. 
35% of fly ash class F replaced cement was used in 
trial mixes number sixteen, seventeen, and eight-
een. Using either low (5 l/m3) or high (6.7 l/m3) 
dosage of SP as used in trails number sixteen and 
seventeen respectively resulted in failure trial, while 
using optimum dosage of super plasticizer (6 l/m3) 
could control segregation and resulted in success-
ful mix satisfying self-compactability requirements 
as achieved in trial number eighteen.

4.2 Effect of percentage of fly ash on workability

The addition of fly ash resulted in reduction of 
super plasticizer dosage; the increase in fly ash 
content was associated with a decrease in SP dos-
age as shown in Figure 5. A linear relationship in 
the form of Y = −0.083x + 8.6 with R2 = 0.92 was 
obtained. Therefore for a given w/p, addition of fly 

ash generally results in a reduction of super plasti-
cizer dosage for a similar workability (flow diame-
ter). Similarly, for the same workability, increasing 
the water/powder ratio reduces the amount of 
super plasticizer dosage required. This confirms 
the conclusion from Douglas (2004). The increase 
in workability referred to the spherical particle 
shape of fly ash that led to better particle packing; 
consequently a reduction in the water requirement 
or increase the consistence of the concrete.

Furthermore the results obtained from J-ring 
and V-funnel achieved times (T50 cm, T10 s, and T5 min) 
were lower than that of control mix indicating 
high workability and high filling ability obtained 
using fly ash. All mixes showed good passing abil-
ity as indicated by the step height parameter (Bj), 
and it seems that the addition of fly ash did not 
make any difference. It was noticed that from the 
results obtained of J-ring test, the flow spread (Fd) 
increases as the fly ash content increases indicating 
good deformability, except the flow spread of SCC 
35% decreases. The selected mixes has similar slump 
flow times T50 cm (average 2 seconds), that means 
the addition of fly ash did not affect the slump 
flow time. While the results obtained by J-ring test 
shows difference which can be attributed to the 
confinement effect imparted by the ring. J-ring 
times increases as the fly ash content increases 
indicating good filling ability, except J-ring T50 cm 
of SCC 35% decreases. Although all constituents’ 
proportions of the 25% FA SCC mix and 35% FA 
SCC were the same, we found that the increasing 
the replacement ratio from 25% to 35% adversely 
affect the workability and resulted in low filling 
ability as indicated by slump flow test and J-ring 
test results, this confirms the statement “high levels 
of fly ash may produce a paste fraction which is so 
cohesive that it can be resistant to flow” stated by 
the European guidelines for self-compacting con-
crete, (2005). In spite of this the results obtained 
were still within the acceptance range. The screen 

Figure 5. Relationships between super plasticizer dos-
age and fly ash content.
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stability test also resulted in lower SI value for 35% 
FA SCC than that for 25% FA SCC, which indicate 
better segregation resistance for 35% FA SCC mix 
compared to 25% FA SCC mix.

4.3 Relationships between key 
characteristics of the SCC

The relationships between key characteristics of 
the SCC; Filling ability, Passing ability, and Seg-
regation resistance were studied. The analysis 
presented was compared to a previous research 
performed by Liu (2009).

4.3.1 T500 time vs. V-funnel time
European guidelines for self-compacting concrete 
(2005) mentioned that T50 cm and V-funnel time 
are both related to viscosity. The data obtained 
shows a linear relationship between T50 cm and 
V-funnel times as shown in Figure 6, and this con-
firms the conclusion from Liu (2009). If  a straight 
line is fit fitted to the data an equation in the form 
of Y = 0.41x − 0.051 could be obtained with an 
R2 = 0.99 indicating a Strong correlation.

4.3.2 Filling ability vs. passing ability
The relationship between filling ability and pass-
ing ability was demonstrated by plotting Slump 
flow vs. step height of J-ring as shown in Figure 7. 
It is obvious that the higher slump flow the lower 
chance of blocking. The readings for slump flow 
and spread of J-ring approximately the same that 
is why mix stability has to be considered. It seems 
that as the slump flow decreased the step height of 
J-ring increased, as a result the tendency to block-
ing increased. Blocking criteria was unlikely to 
occur in this research as indicated from test results. 
The maximum value obtained for step height (Bj) 
was equal to 2.1 mm which is far from 10 mm the 
maximum acceptable value.

The relationship between filling ability and 
passing ability could also demonstrated by  plotting 

Figure 6. Relationships between T500 time and 
V- funnel time.

Figure 7. Slump flow and V-funnel time vs. J-ring results.

Figure 8. Segregation vs. slump flow, V-funnel time, 
step height and spread of J-ring.

V-funnel time vs. spread and step height of J-ring as 
shown in Figure 7. A reliable correlation between 
V-funnel time vs. spread of J-ring; an equa-
tion in form of Y = 0.01x − 0.043 with R2 = 0.99 
was obtained. The distribution of data showed 
that most data have slump flow in the range of 
600 mm−800 mm with v-funnel time lies in range 
of 6–9 sec, and step height of 0.85 to1.65 mm; 
which confirms good filling and passing abilities 
according to European guidelines of SCC (2005).

4.3.3 Segregation
Figure 8 displays the relationship between seg-
regation resistance and filling ability. Statically 
strong correlation with R2 = 1 obtained between 
slump flow and segregation index in form of 
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Y = 0.001x2 − 1.13x + 352.6. It is clear that for 
slump flow values greater than 700 mm, the seg-
regation index increased sharply. Another reli-
able relationship between segregation resistance 
and filling ability was obtained using V-funnel 
test results. As shown in Figure 8 an equation in 
a form of Y = 2.1x2 − 34.3x + 141.2 with R2 = 0.99 
is obtained. Generally the higher V-funnel time 
means low viscosity, therefore low chance of seg-
regation to occur. Most trial mixes have V-funnel 
time about 6 sec., but different segregation index 
due to different content of fly ash. The relation 
between fly ash content and segregation is pro-
portional. It was noticed that as fly ash content 
increase the segregation index increases. Deter-
mination of optimum dosage of super plasticizer 
helped in controlling stability of SCC.

Furthermore, statistically good correlation was 
obtained between segregation resistance and pass-
ing ability as presented in Figure 8. Segregation 
index decreased with increased in the step height 
of J-ring; and increased with increased in spread 
of J-ring. SCC mixes had high segregation risk as 
indicated by screen stability test, while blocking 
did not occur as shown from J-ring test result.

Finally it could be concluded that filling abil-
ity, passing ability and segregation resistance are 
interrelated and interdependent, and the trend is 
similar to the results obtained by Liu (2009). But 
it is clear that filling characteristics control segre-
gation resistance more than passing ability. And 
both the spread and the step height of J-ring are 
equally related to slump flow and V-funnel time; 
it seems that yield stress introduced by slump flow 
had same effect as viscosity introduced by V-funnel 
time on passing ability.

5 CONCLUSIONS

1. Powder type SCC has been successfully pro-
duced, using class F fly ash replaced cement up 
to 35% without the need of a Viscosity Modify-
ing Agent (VMA).

2. SCC is very sensitive to small changes in con-
stituent materials, so it requires careful atten-
tion during all production stages.

3. The main constituents ratio of selected trial 
mixes used in this research were: powder con-
tent of 550 kg/m3, W/P ratio of 0.36, S/CA ratio 
of 1.05, water content of 200 l/m3, with various 
dosages of super plasticizer.

4. As the replacement percentage of fly ash 
increased the workability increased for a con-
stant W/P ratio.

5. As the replacement percentage of fly ash 
increased the tendency to segregation enor-
mously increased. Reducing dosage of super 
plasticizer to the required level that satisfied the 
key properties of SCC, has led to homogenous 
mix with appropriate consistency.

6. A reliable empirical correlation between the 
required super plasticizer dosage and the fly ash 
content was obtained.

7. It was found Filling ability, passing ability, 
and segregation resistance are interrelated and 
interdependent.

8. In spite of the difference in materials type, 
proportions, humidity, environmental and cli-
matical conditions, the overall behavior of con-
stituents if  the self  compactability requirements 
achieved demonstrated same pattern.

9. The fresh properties observed for all of the 
selected fly ash mixes were good and within 
acceptance range as compared to the control 
mix.
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ABSTRACT: Environmental and structural loads cause stresses, deformations, and displacements in 
structures. According to the building codes, they have to be designed and built to safety resist all those 
actions during entire service life. When deteriorated, structures must be repaired and strengthen so that 
during usage they do not represent a risk for the users. Due to the low expenses and good mechanical char-
acteristics, cement-based composites are often used for repairs. In structures susceptible to shrinkage and/
or exposed to specific load conditions, used cement-based composites are improved with polypropylene 
fibres. These composites have many beneficial characteristics; like as reduced occurrence of microcracks, 
positive effect on autogenous, plastic and restrained shrinkage, increased resistance to spalling during the 
fire, accessible price etc. Due to those characteristics, they are often used for repair of slabs, pavements 
and concrete overlays. Detailed state-of-the-art is presented and encompasses both fresh and hardened 
state properties. Also, a possibility for further improvement of repair materials is discussed.

1 INTRODUCTION

Environmental and structural loads cause stresses, 
deformations, and displacements in structures. 
According to the building codes, they have to be 
designed and built to safely resist all those actions 
during entire service life. When deteriorated, struc-
tures must be repaired and strengthen so that dur-
ing usage they do not represent a risk for the users.

Major issues during repair are the bond qual-
ity between substrate concrete and overlay, stresses 
caused by differential shrinkage and durability 
of the repaired structure (Silfwerbrand 2006). 
A good bond also prevents salt and contaminated 
water to flow through the interface having access 
to both the substrate and the overlay. Absence of 
micro cracking, absence of laitance layer, cleanli-
ness, compaction, and curing are the main factors 
affecting bond (Silfwerbrand 2006). When choos-
ing a repair material basic requirement is its com-
patibility to the substrate concrete. Repair material 
and substrate should be similar in terms of stiffness 
or flexibility, measured by modulus of elasticity, in 
terms of thermal expansion, and other mechanical 
and durability properties. All important properties 
for the quality repair are included in Table 1.

Due to the low expenses and good mechanical 
characteristics, cement-based composites are often 
used for repairs. In structures susceptible to shrink-
age and/or exposed to specific load conditions, used 
cement-based composites are improved with poly-
propylene fibres. In such cases cement-based com-
posites are improved with polypropylene fibres.

Table 1. Desired properties of repair material (Bjegovic 
2015).

Property Importance

Relation between 
repair materials 
(S) and substrate 
concrete (B)

Shrinkage 1 S < B
Tensile strength 2 S > B
Modulus of elasticity 3 S ≤ B
Toughness 4 S > B
Thermal expansion 4 S ≤ B
Creep 5 S ≥ B
Compressive strength 6 S ≤ B

Detailed state-of-the-art analysis on properties 
of such repair materials is presented in this paper. 
A short discussion on their possible improvements 
with ecologically sustainable materials is shown.

1.1 Why polypropylene fibres?

Today different types of fibres are available on 
market, from steel and polymer as well as fibres 
produced from different recycled materials. Their 
role is to distribute stresses between damaged and 
undamaged cross sections during entire service life 
of structures. During design phase, depending on 
their properties, fibres are selected based on their 
future application (Table 2).
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Polymer fibres from different origin; polypro-
pylene, nylon, polyethylene, carbon or aramid 
fibres have found their application in fibre rein-
forced concrete (Hannant 1978). Within this paper, 
properties of cement composites with PP fibres are 
discussed as these fibres are most frequently used 
due to their low price, inert behaviour in alkaline 
environment and ease dispersion in cement matrix 
(ACI 544.5R-10 2010).

Polypropylene fibres are produced in an extru-
sion process in which the material is hot drawn 
through a die. Desired shape and size of the cross 
section together with surface appearance of both 
monofilament and fibrillated fibres are formed on 
the mouthpiece (Hannant 1978; Seferovic 2002).

Main difference between fibrillated and 
monofilament is in their appearance, Figure 1. 
 Fibrillated fibres look like a hair net or fishing net 
when opened, while monofilament fibres are pro-
duced in continuous filaments called a tow (ACI 
544.1R-96 2009). Multifilament fibres are con-
sisting of many continuous filaments or strands, 
as opposed to monofilament, which is one strand 
(ACI 544.1R-96 2009).

According to the European regulations, PP fibres 
are divided in two classes (EN 14845-2:2006):

− Class I (micro fibres—monofilament and fibril-
lated) – diameter < 0.3 mm,

− Class II (macro fibres)—diameter > 0.3 mm, 
geometric characteristic similar to steel fibres.

Characteristics of both micro and macro fibre 
types are presented in Table 3. Microfibers are 
dispensed in small doses from 0.6 to 1.0 kg/m3 or 
0.1% by volume and at the same time macro fibres 
are dosed in higher amounts, from 4 to 7 kg/m3 
(Leung et al. 2005; ACI Education Bulletin E2–00 
2006). Extensive research of Myers et al. (Myers 
et al. 2008) showed that maximum amount of PP 
fibres is 3 kg/m3 for micro and 9 kg/m3 for macro 
fibres. At the same time, micro fibres with lengths 
below 25 mm are used more often (Newman & 
Choo 2003). Namely, microfibers reduce appear-
ance of cracks during plastic shrinkage in the 
early age period when the strength of concrete is 
still very small. The cracks are formed when ten-
sile stresses reach the tensile strength. Increased 
strength and strain capacity during first 12 hours 
and thus reduced appearance of cracks is assured 
by addition of micro fibres (Ideker & Banuelos 
2014). This is of great importance for the dura-
bility of concrete; as in such way penetration of 
aggressive substances from the environment is 
reduced (Sanjuhn & Moragues 1997). On the other 
hand, macro fibres are typically used for improve-
ment of the strength and strain carrying capacity, 
and for control of shrinkage due to drying (ACI 
544.5R-10 2010).

2 CEMENT COMPOSITES WITH 
POLYPROPYLENE FIBRES

2.1 Plastic shrinkage

Plastic shrinkage presents a major concern during 
repair of deteriorated structures (Ghoddousi & 
Javid 2010). Slabs, pavements and concrete overlays 
are especially susceptible to plastic shrinkage crack-
ing (Naaman et al. 2005), Figure 2. Usage of low 
modulus polymer fibres is shown to be very effective 
in these circumstances as their modulus of  elasticity 
is higher compared to the modulus of concrete dur-
ing first 24 hours of hardening (Fig. 3).

Table 2. Influence of fibre type on desired property 
(Lambrechts 2009).

Property
Steel 
fibres

Polymer 
micro 
fibres

Polymer 
macro 
fibres

Plastic shrinkage + +++ +
Drying shrinkage +++ 0 −
Impact resistance +++ + ++
Crack width (LSS) +++ 0 0
Post-cracking 

behaviour (ULS)
++ − −

Spalling in fire 0 +++ 0
Fatigue resistance +++ 0 +
Fire resistance + − 0
Visual appearance + + +
Corrosion resistance + + +

Legend: + positive, − negative, 0 without influence.

Figure 1. Polypropylene fibres: a) monofilament fibres; 
b) fibrillated (mesh) (ABC Polymer Industries 2014).

Table 3. Properties of various types of 
 polypropylene fibres (Ideker & Banuelos 2014).

Fibre type
Length 
(mm)

Youngs moduls
(GPa)

Macro fibre 25–50 5–10
Micro fibre 6–25 3–5
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At lower dosage rates, PP fibres are very effec-
tive in controlling plastic shrinkage cracking and 
the fibrillation process greatly enhances the bond-
ing between the concrete and the PP fibres. This is 
very important because plastic shrinkage cracks can 
lead to the development of larger cracks as drying 
shrinkage occurs. It is well known that cracking con-
trol is essential for the development of more durable 
and long-lasting structures (Naaman et al. 2005).

Two most important parameters for control of 
plastic shrinkage are the volume fraction of fibres 
and their diameter (ACI 544.5R-10 2010; Naaman 
et al. 2005; Banthia & Gupta 2006). By increasing 
diameter and fibre volume an adequate control of 
plastic cracks is achieved (ACI 544.5R-10 2010; 
Naaman et al. 2005; Sanjuhn & Moragues 1997). 
In such way is possible to reduce the occurrence 
of cracks by 10% if  an appropriate volume frac-
tion (0.2%) and diameter of fibres is used (ACI 
544.5R-10 2010). Thinner and longer fibres are 

streamlined than thicker and shorter, while more 
effective control is achieved with fibrillated rather 
that monofilament fibres (Banthia & Gupta 2006). 
By combining different lengths (6–20 mm) of 
multifilament fibres, higher influence on plastic 
shrinkage is achieved compared to mixes with only 
one fibre length (Myers et al. 2008).

2.2 Autogenous shrinkage

Polypropylene fibres have positive influence on the 
autogenous shrinkage (Saje et al. 2012; Saje et al. 
2011), therefore is possible to establish a relation-
ship between the amount of PP fibres and shrink-
age values. Investigation on influence of different 
PP fibre (length 12 mm) volumes shown that for 
0.25, 0.5 and 0.75% of fibres, autogenous shrink-
age decreases progressively for 5, 15 and 26% 
respectively in relation to the plain concrete after 
24 hours (Saje et al. 2012). Additional influence on 
early autogenous shrinkage can be achieved with 
usage of pre-moistened PP fibres and correspond-
ing reduction of designed water (Saje et al. 2011). 
This is because moistened fibres do not absorb 
water needed for hydration.

On contrary, Myers et al. (Myers et al. 2008) 
concluded that PP fibres have a minor or no impact 
on autogenous shrinkage.

2.3 Drying shrinkage

Based on up to date experimental results, PP fibres 
have minor or don’t have effect on the drying 
shrinkage. Only, addition of 0.1% of PP fibres by 
volume has beneficial effect on the drying shrink-
age, while higher contents can have adverse effect 
(Aly et al. 2008; Sadrmomtazi & Fasihi 2010). Due 
to their small modulus of elasticity compared to the 
modulus of elasticity of hardened concrete, higher 

Figure 2. Typical example of maximum crack width in 
plain concrete (Naaman et al. 2005).

Figure 3. Strengthening of cement composites using polymer fibres during first 24 hours (Lambrechts 2009).
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contents of PP fibres do not have further influence 
(Myers et al. 2008; Ideker & Banuelos 2014).

Their positive effect is expressed in the case 
of composites with recycled aggregates, where 
addition of 0.25% by volume (length/diameter = 
10/0.035 mm) assures 6% reduction of shrink-
age compared to the reference mix without fibres 
 (Mesbah 2000). Added in higher volumes (0.5 to 
1%), they cause 5 to 6% increase of drying shrink-
age in relation to the same mix without the PP fibres 
(Mesbah & Buyle-Bodin 2000; Sadrmomtazi & 
Fasihi 2010).

Influence of the fibre diameter on drying shrink-
age is shown on Figure 4. Smaller diameter has a 
more positive effect in composites with monofila-
ment fibres 0.1% (Lamour et al. 2005), while fibril-
lated fibres better control shrinkage compared to 
multifilament fibres of same length (Kumar et al. 
2013).

2.4 Restrained shrinkage

Restrained shrinkage is usually determined using 
steel ring method. Dimensions of such rings are 
different, depending on the composition of the 
studied mixes. The width of the concrete ring, 
together with the thickness of the steel mould has 
major influence on the developed stresses, and is 
determined according to the maximum aggre-
gate size, type of fibres, length and diameter of 
fibres, the quality of the matrix and etc. (Swamy & 
 Stavrides 1979; Folliard et al. 2003; Lamour et al. 
2005; Ideker & Banuelos 2014).

Unlike other types of shrinkage, available lit-
erature data for the restrained shrinkage mostly 
follows the same trend. Polypropylene fibres have 
a positive impact on reducing the crack width, 
and thus the value of restrained shrinkage (ACI 
544.5R-10 2010). Multiple cracking displayed by 
hardened composites with 2% PP fibres by volume 
during restrained shrinkage tests indicate their abil-
ity to distribute induced strains (Swamy & Stavrides 
1979; ACI 544.1R-96 2009). The value of their con-
tribution depends on type, diameter and shape of 

used fibres. Monofilament fibres with diameter 18 
μm showed higher influence on restrained shrink-
age than fibres with lager diameters (30 μm and 36 
μm) (Lamour et al. 2005).  Investigation of mono-
filament and sinusoidal-shaped high performance 
fibres (length 5.1 cm) showed greater contribution 
of monofilament fibres (Folliard et al. 2003). For 
comparison, cracks in plain concrete appeared 
after 36 days, in concrete with sinusoidal fibres after 
202 days, while for concrete with monofilament 
fibres crack did not occurred even after 600 days. 
Achieved behaviour is result of better anchoring 
ability of monofilament fibres, which results in bet-
ter stress distribution. Difference in time of crack 
occurrence is considered to be a result of used large 
quantity of PP fibres (8.9 kg/m3).

2.5 Tensile strength

Addition of micro and macro PP fibres assures 
increase of tensile strength (Song et al. 2005, 
 Ramezanianpour et al. 2013; Patel et al. 2012, 
Gencel et al. 2011). Increase is present when micro 
fibre content is kept below 1.5 kg/m3, if  used in 
higher contents PP fibres cause a decrease of 
tensile strength (Ramezanianpour et al. 2013). 
For example, increase of 9.7% compared to the 
plain concrete is achieved with 0.6 kg/m3 of PP 
fibres (Song et al. 2005). Longer PP fibres assure 
higher strengths for the same volume fraction 
(Vairagade & Kene 2013).

2.6 Modulus of elasticity

The addition of fibrillated polypropylene fibres in 
quantities varying from 0.1 to 2.0 percent by vol-
ume has no effect on the static modulus of elastic-
ity compared to ordinary concrete without fibre 
addition (ACI 544.1R-96 2009).Figure 4. Free shrinkage evolutions (Lamour et al. 2005).

Figure 5. Stress evolution in the restrained shrinkage 
test (Lamour et al. 2005).
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2.7 Flexural strength and toughness

Incorporation of PP fibres in fibre reinforced 
cement composites slightly increases the value of 
the flexural strength compared to the compos-
ites without fibres (ACI 544.1R-96 2009; Skazlic 
2003; Sadrmomtazi & Fasihi 2010). Optimum 
fibre content is considered 0.3% by volume, as any 
further increase in quantity causes a decrease of 
flexural strength. Performed studies have shown, 
that in respect to the plain concrete, addition of 
0.91 kg/m3 of monofilament fibres of circular 
cross section and smooth surface (length/diame-
ter = 12/0.037 mm) or fibrillated PP fibres (length/
diameter = 12/0.45 mm) assure 9.48 and 13.40% 
increase in flexural strength.

Improved post-cracking behaviour and energy 
absorption capacity of composites is assured even 
with very small amounts of polypropylene fibres 
(0.1% by volume) (Johnston 2001). Value of the 
improvement is dependent on the PP fibre proper-
ties; i.e. type of fibres, content, fibre/ matrix adhe-
sion, quality of the composite matrix. According 
to the previous research, composites with fibril-
lated PP fibres achieve better results that those 
with monofilament fibres.

2.8 Creep behaviour

If  high stress level is maintained, polymer fibres 
behave viscously and creep, even exhibiting creep 
rupture (ACI 544.5R-10 2010). Investigation of 
macro fibres (length 40 mm, diameter 0.8 mm) 
confirmed significant tensile creep, even at levels 
as low as 30% of the fibre capacity (Babafemi & 
Boshoff 2015). For example, tensile creep failure 
occurs within 10 days for specimens loaded at 60% 
and within less than a day for specimens loaded 
at 70% of residual strength (Babafemi & Boshoff 
2015). Performed tests indicated that creep of 
macro synthetic fibre concrete is not only consider-
able, but also leads to creep failure at service loads 
(Fig. 7) (Lambrechts 2009).

2.9 Resistance to spalling

During exposure to elevated temperatures, explo-
sive cracking of concrete elements may occur. This 
behaviour often appears during early stages of fire, 
most often within first 30 minutes of standard fire 
test. It results with spalling of concrete layers thick 
from 25 to 100 mm and can embrace area up to 1 m2, 
Figure 8. In such way, loss of protective concrete 
layer, sometimes up to the reinforcement, may lead 
to decreased bearing capacity of concrete elements.

Presence of PP micro fibres has positive impact 
on the behaviour of concrete during elevated tem-
peratures. Due to their chemical composition, 
polypropylene fibres melt at temperatures above 
165˚C. It is this melting that is believed to facilitate 
the reduction in the internal stresses in the concrete 
that cause the explosive spalling (Smith &  Atkinson 
2010, Jelcic Rukavina et al. 2014).  However, they can 
have negative effect on concrete’s residual mechani-
cal properties since they significantly decrease the 
residual compressive and tensile strength of con-
crete. It is therefore recommended to use PP fibres 
as part of a total spalling protection design method 
in combination with other materials such as exter-
nal thermal barriers (Sideris & Manita 2013).

2.10 Compressive strength

Investigation of influence of different volumes of 
polypropylene fibres (approximately 6 mm length) 

Figure 6. Load deflection curves obtained with tough-
ness testing by bending samples of reinforced concrete 
with different amounts of polypropylene fibres with a 
length of 19 mm (Johnston 2001).

Figure 7. Influence of polymer macro fibres on creep 
(Lambrechts 2009).

Figure 8. Test samples from CTRL testing—plain con-
crete and concrete with PP fibres (Smith & Atkinson 2010).
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on the values of compressive strength showed that 
increase in PP fibre volume has minor effect on the 
compressive strength values (Seferovic 2002; Bayasi 
& Zeng 1994; Sadrmomtazi & Fasihi 2010; Skazlic 
2003; Kumar et al. 2013; ACI 544.1R-96 2009). Posi-
tive effect on the compressive strength was obtained 
with addition of 0.1% of PP fibres, while higher vol-
umes (from 0.3 to 0.5%) caused a decrease of the same 
value. Cited authors note that increase of strength in 
the case of small fibre volumes (up to 0.1%) is caused 
by fibres ability to bridge cracks as uniformly dis-
tributed PP fibres, prevent further opening of initial 
cracks and their coalescence in macro cracks.

For higher volumes, one should be aware that 
incorporation of small diameter fibres into the 
mix makes compaction more difficult, and hence, 
more entrapped air stays in the final mix (Leung 
et al. 2005). Therefore, a certain decrease of com-
pressive strength is present for mixes with higher 
contents of PP fibres (above 0.5% by volume) 
(ACI 544.1R-96 2009). An increased amount of 
entrapped air, presence of segregation and reduced 
workability, all caused by no homogenous distribu-
tion of PP fibres, have negative effect on hardened 
concrete properties. To avoid such cases, proper 
relationship between maximum aggregate size and 
fibre length is inevitable.

Although, results available in the literature are 
various, a general conclusion regarding behaviour 
during fracture can be adopted. After reaching 
compressive strength, no decomposition of the 
specimens is perceived and further bearing capac-
ity is present, what implies higher ductility of com-
posites reinforced with PP fibres, as such behaviour 
is not characteristic of ordinary concrete (ACI 
544.1R-96 2009).

2.11 Fresh state properties

Properties of fibre reinforced mixes in fresh state 
are depended on geometric characteristics of 
fibres, i.e. length/diameter. To achieve homogene-
ous distribution, it is necessary to pay attention on 
the dependence between maximum aggregate size 
and length of fibres.

Small quantities of PP fibres in mix 
(length < 25 mm, fibrillated or monofilament) may 
increase the cohesion and prevent sedimentation due 
to their interlocking characteristics (ACI 544.1R-96 
2009). But higher volumes of fibres require modifi-
cation of the mix proportions to accommodate the 
increased surface area of the fibres and to prevent 
negative effects on workability and air content (ACI 
Education Bulletin E2-00; Bayasi 1994; Myers et al. 
2008). Fibrillated fibre has less influence to reduc-
tion of workability than multifilament fibre of the 
same volume content (length max 15 mm) (Kumar 
et al. 2013). Macro fibres have minor influence on 
workability than micro fibres (Myers et al. 2008). 

However, an adequate workability can be obtained 
even with addition of 0.3% micro fibres or 2% 
macro fibres (Skazlic 2003; Myers et al. 2008). To 
have a workable mixture, increase in sand content 
while decreasing the coarse aggregate content is 
required. At the same time a high-range water-
reducing admixture, rather than additional water, 
should be used to adjust slump loss.

Simultaneously, mixing time should be opti-
mized, as too short mixing time can cause insuf-
ficient separation of fibres, while too long mixing 
causes damage of fibres and has influence on shape 
coefficient. Both can have adverse effect on the 
properties of concrete in the hardened state (Grdić 
2011; Skazlic 2003). Optimal mixing time is consid-
ered to be 5 minutes (Nili & Afroughsabet 2010).

3 POSSIBILITY OF FURTHER 
IMPROVEMENT OF REPAIR 
MATERIALS

Using PP fibre in concrete has many benefits. How-
ever, surface smoothness, chemical structure and 
hydrophobic properties, result in poor adhesion 
characteristics between fibres and cement matrix 
(Wang et al. 2006). All that, presents a severe limi-
tation of their usage in high performance applica-
tions so further improvement of their interfacial 
strength with matrix is need.  Modifying fibre sur-
face by roughening assures improved adhesion in 
fibre/matrix interface (Lopez-Buendia et al. 2013). 
Following treatments are used up to date: wet 
chemical treatment, flame treatment, mechanical 
indentations, cold plasma treatment and alkaline 
surface treatment and alkaline precursors (Singh 
et al. 2004; Lopez-Buendia et al 2013; Flekoglu 
et al. 2009; Fialova et al. 2012).

With the development of environmental aware-
ness, there is a growing interest to find alternatives 
for waste management. Waste tires present a spe-
cific waste whose removal from the environment is 
inevitable due to many reasons such as health issues, 
accidental fires, etc. One of the innovative solutions 
is to utilize products obtained by waste tyre recycling 
in concrete (rubber granules, steel fibres or polymer 
fibres). Since the dimensions and composition of 
Recycled Tyre Polymer Fibres (RTPF) obtained from 
waste tyres are similar to dimensions of PP fibres, 
a concept involving replacement of manufactured 
fibres with RTPF is investigated, Figure 9. Based on 
the limited literature data (Serdar et. al 2013; Ser-
dar et al. 2014; Bjegovic et al. 2010; Mavridou 2011, 
Project Anagennisi 2014), RTPF can be used as sub-
stitution of PP fibres, as they do not induce negative 
effects on concrete mechanical properties, but do 
enhance concrete behaviour regarding autogenous 
and restrained shrinkage. Further optimization is 
needed for their usage as repair material.

ICCRRR15_Fullpaper_Book.indb   470ICCRRR15_Fullpaper_Book.indb   470 8/27/2015   9:14:07 AM8/27/2015   9:14:07 AM

  



471

4 CONCLUSIONS

The addition of PP fibres in general has significant 
influence on specific concrete properties. The main 
contribution of PP fibres is their beneficial effect 
on autogenous, plastic and restrained shrinkage of 
cement composites together with increased resist-
ance to spalling during the fire. Due to those char-
acteristic they are often used in repair materials.

By improving interfacial strength between PP 
fibres and the cement matrices, further improvement 
of such materials is possible. Surface treatments like 
wet chemical treatment, flame treatment, mechani-
cal micro-pitting, cold plasma treatment and alka-
line surface treatment and alkaline precursors on PP 
fibres contribute to the improvement of fibre/con-
crete adhesion in fibre-reinforced concrete. Other 
possibilities for improvements include usage of 
 secondary raw materials such as recycled tyre poly-
mer fibres. Their usage has positive effects on shrink-
age behaviour, especially autogenous and restrained 
shrinkage, but further optimization is needed.
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A novel technique for self-repair of cracks of reinforced 
concrete structures
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ABSTRACT: Cracks in RC structures are one of the most prominent reasons for the durability loss 
by corrosion of reinforcing steel by forming channels for CO2, water and Cl− ions to penetrate into the 
concrete easily. The objective of this research work is to develop a self-repair system for cracks of rein-
forced concrete structures by using a network system. In this study, the regain of flexural strength of ordi-
nary cement mortars by the self-repair system using a repair material for injection in the network system 
is proposed. In addition to this, the influence of viscosity of the repair material injected in the network 
on the regain of flexural strength by self-repair system was also evaluated. From the test results, it was 
found that the repair material with a lower viscosity was more effective as a repair material and showed a 
remarkable regain of flexural strength of mortar specimens.

period of the repair material in the network, sev-
eral types of surface treatment techniques were 
applied and tested.

Compared to existing crack self-repairing and 
self-healing techniques, the epoxy injection net-
work has the following advantages: (1) Different 
from the self-repairing methods using brittle con-
tainers or tubes for adhesives, the proposed self-
 repair process is feasible for onsite concrete casting. 
(2) Different from the autogenic self-healing tech-
niques, full strength recovery can be achieved in a 
shorter time period without the necessity of water.

2 TESTING PROGRAM

2.1 Mortar specimens with network

Figure 2 shows the dimensions of the cement mor-
tar specimens prepared by using ordinary Portland 

1 INTRODUCTION

Cracking in Reinforced Concrete (RC) structures 
is an inevitable phenomenon, which may occur 
due to tensile loads, shrinkage and or thermal 
loads etc. These cracks in RC structures are one 
of the most prominent reason for the durability 
loss by corrosion of reinforcing steel by forming 
channels for CO2, water and Cl− ions to penetrate 
into the concrete easily. The service life span of 
RC structures is drastically shortened by these 
cracks in concrete. In order to repair these cracks, 
a periodical inspection to detect these cracks by 
engineers and technicians is a highly time and cost 
consuming. In addition, the crack inspection of 
RC structures such as nuclear facilities and highly 
elevated bridges and building structures involves 
extreme risk and substantial cost for the inspection 
and repair of such RC structures.

The objective of this research work is to develop 
a self-repair system for cracks of reinforced 
concrete structures by using a network system. 
Figure 1 shows the autonomic self-healing or self-
repair system used in this study to repair the cracks 
and the strength regain was obtained at the first 
(before crack repair) and the second loading (after 
crack repair). In this study, the regain of flexural 
strength of ordinary cement mortars by the self-
 repair system using a repair material in the network 
system and the storage period of the repair mate-
rial in the network was taken into consideration. 
In addition to this, the influence of viscosity of 
the repair material injected in the network on the 
regain of flexural strength by self-repair system 
was also evaluated. In order to prolong the storage 

Figure 1. Concrete self-repair system.
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cement and sand with a ratio of 1:3 (by weight) and 
a water-cement ratio of 72%. The networks were 
installed by using smooth steel bars placed in the 
center of the cross-sections which were removed 
after the hardening of the mortars.

2.2 Materials for crack injection 
and network surface treatments

Table 1 shows the properties of the 1-component 
epoxy resins used for injection into networks for 
self-repairing of cracks and Table 2 shows the 
properties of surface treatment materials for the 
networks. The three types of epoxy resins A, B and 
C with different viscosities were used for injection. 
For the surface treatment of networks 3 types of 
barrier penetrants B1, B2 and B3 and 3 types of 
polymer dispersions P1, P2 and P3 were used to 
prolong the storage time of epoxy resins in the 
networks. Apart from this, the epoxy resin C was 
also used for the surface treatment (EC).

2.3 Testing procedures

Mortar specimens with hollow network in the 
center of the cross-section were prepared and sub-
jected to two sets of test program.

1. Mortar specimens were prepared having a 
hollow network in the specimens and loaded 
to develop by using a fully-automatic load 
controlled machine to generate cracks of 
0.05∼0.20 mm. Photo 1 shows the mortar 
specimen with crack injection system into the 
network. Figure 3 shows the test program to 
investigate the effect on epoxy resin as repair 
material by pre- and post-injection, and curing 
conditions on the regain of flexural strength at 
2nd loading (after crack self-repair). In addition 
to this, viscosity of the epoxy resin on the crack 
self-repair was also taken into consideration.

2. Figure 4 illustrates the test program to investigate 
the storage time period of epoxy resin in network. 
In order to prolong the storage of epoxy resin in 
the network, several types of surface treatments 
inside the network were done to prevent the 
hardening of epoxy resin in the network.

The two types of curing conditions in the first 
test program were normal cure and accelerated cure. 
The normal cure was 7d dry cure [20°C, 60% R.H.] 
+ 7d moist cure [20°C, 90% R.H.] + 7d dry cure 
[20°C, 60% R.H.] a total of 21d and accelerated 
cure was 5d dry cure [20°C, 60% R.H.] + 4h auto-
clave [50°C]+ 20h dry [50°C] + 1d dry cure [20°C, 
60% R.H.] a total of 7d respectively. All the speci-
mens in the second test program for network sur-
face treatments were subjected to accelerated cure 

Figure 2. Outline of test specimen.

Figure 3. Test program to investigate the basic condi-
tions of repair material and curing conditions.

Table 1. Properties of epoxy resin.

Table 2. Properties of network surface treatment 
materials.

Photo 1. View of crack injection system.
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to test for the regain of flexural strength. For all 
the test specimens, regain of flexural strength was 
obtained by the following equation:

C
B
A

= × [ ]100

A: Avg. flexural strength at
1st loading

B: Avg. flexxural strength atxx
2nd loading

C: Regain of flexural strengthhhh

⎧

⎨
⎪
⎧⎧
⎪
⎨⎨
⎪⎪

⎩
⎪
⎨⎨

⎪⎩⎩
⎪⎪

3 TEST RESULTS AND DISCUSSIONS

3.1 Effect of curing condition and viscosity

Table 3 and Figure 5 shows the results of the 
effect of pre- and post-injection, curing condition 
and viscosity of epoxy resin on regain of flexu-
ral strength of mortars of the first test program. 
Epoxy resin C showed a flexural strength regain 
of 80% or more irrespective of the pre- or post-
injection of epoxy resin and curing conditions. In 
comparison, epoxy resin A and B with higher vis-
cosities showed a poor regain in flexural strength, 

Figure 5. Influence of viscosity and curing condition of 
epoxy resin on regain of flexural strength.

Table 3. Flexural strength test results and regain of 
flexural strength of test specimens.

Figure 4. Test program to investigate the storage time 
of material in network.

ICCRRR15_Fullpaper_Book.indb   475ICCRRR15_Fullpaper_Book.indb   475 8/27/2015   9:14:10 AM8/27/2015   9:14:10 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-67&iName=master.img-006.jpg&w=189&h=240
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-67&iName=master.img-007.jpg&w=189&h=267
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-67&iName=master.img-008.jpg&w=189&h=143
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-67&iName=master.img-009.jpg&w=189&h=81


476

which may be accounted due to the smaller crack 
widths for poor impregnation into the cracks and 
insufficient self-repairing. The influence of vis-
cosity is distinctly seen by the decrease in viscos-
ity and the increase in regain of flexural strength. 
Furthermore, in regards to the normal and accel-
erated curing condition on the regain of flexural 
strength, accelerated curing showed better results 
for the I-series (pre-Injection of epoxy resin in net-
work) in comparison to the F-series (post-injection 
after First loading).

3.2 Effect of surface treatments of network

Table 4 and Figure 6 give the regain of flexural 
strength of specimens after self-repair. The net-
work of the mortar specimens were treated by dif-
ferent barrier penetrants (B1, B2 and B3), polymer 
dispersions (P1, P2 and P3) and Epoxy resin (EC) 
respectively in order to prolong the storage time of 
epoxy resin in the networks to prevent the hard-
ening by the interaction of moisture and alkali of 
cement hydrates. Remarkable regain of flexural 
strength after self-repair of cracks was observed for 
B1, B2 and EC treated networks, which prevented 
the moisture and alkali from coming into contact 
with the 28d stored epoxy resin in the networks. 
Barrier penetrants B1 and B2 have excellent water 
and moisture repellency which prevents the stored 
epoxy resin from coming in contact and hardening 

Table 4. Flexural strength test results and regain of 
strength of test specimens at 28d storage after injection 
of epoxy resin.

Figure 6. Influence of surface treatment of network on 
regain of flexural strength after 28d storage.

Photo 2. Cross section of specimens and condition of 
epoxy resin in network.

remaining in liquid state to heal the cracks at sec-
ond loading after 28d storage. In case of Epoxy 
resin (EC) treated network an epoxy coating layer 
is formed in the network which functions as a glass 
tube and prevents the moisture from coming in 
contact with the epoxy resin. However, the regain 
in flexural strength showed large variation with the 
highest values exceeding 100% and the lowest value 
of up to 40% likely due to non-uniform coating 
layer in the network to prevent the penetration of 
moisture into the epoxy resin. On the other hand, 
surface treatments of network by P1, P2, P3 and 
B3 did not show any effectiveness in preventing the 
penetration of moisture to the epoxy resin in the 
network resulting in complete hardening and no 
regain in flexural strength.
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Photo 2 shows the fractured cross sections 
of the specimens with the network. The ratio of 
hardened epoxy resin area to the total area of the 
cross section of the network was graded in three 
patterns as complete hardening (H:70%–100%), 
partial hardening (P:40%–60%) and unhardened 
(N: 0%–30%) shown in the Photo 2. The specimens 
of F and I series with untreated surface network 
showed complete hardening of the epoxy resin in 
the network due to reaction of the moisture of the 
mortars with the epoxy resin in the network. The 
specimens with surface treatment of network by 
B1 and B2 showed almost no hardening whereas 
network treated with EC showed partial hardening 
of the epoxy resin due to the formation of non-
uniform coating layer formed in the network.

4 CONCLUSIONS

From the test results, it was found that the epoxy 
resin with a lower viscosity was more effective for 
self-repairing of cracks and showed a remarkable 
regain of flexural strength of mortar specimens. 
Furthermore, the internal network surface 

treatment techniques by barrier penetrants B1, B2 
and epoxy resin EC helped to increase the after 28d 
storage period of the epoxy resin for the self-repair 
of cracks.
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ABSTRACT: This paper presents the results of an investigation into the effectiveness of a corrosion 
inhibitor using reinforced concrete beam specimens with three different binder types. Active corrosion in 
the specimens was induced by cyclic (2 weeks) drying and immersion of test specimens in a salt solution. 
Three levels of corrosion, namely: low (<0.5 μA/cm2), moderate (0.5–1.0 μA/cm2) and high (>1.0 μA/cm2) 
were induced in the specimens. The effectiveness of the corrosion inhibitor was monitored over a duration 
of 134 weeks from their time of application. The assessment of the effectiveness of the corrosion inhibitor 
was done with respect to corrosion rate, Half-Cell Potential (HCP) and concrete resistivity measurements. 
The test results show that corrosion rates and HCPs decreased significantly in all the specimens in which 
the corrosion inhibitor was applied, indicating that the inhibitor was successful in lowering the risk of 
corrosion damage to the specimens.

the rate of ingress of chlorides, increasing the 
chloride threshold value for corrosion initiation, 
reducing the rate of corrosion once it is initiated, 
influencing the degree to which chlorides are 
chemically bound in the concrete cover, and by 
influencing the electrical resistance and chemical 
composition of the concrete system. Corrosion 
inhibitors can be mainly classified in three differ-
ent ways (Söylev and Richardson, 2008): accord-
ing to their application methods, according to their 
mechanism of protection, or their content.

Migrating Corrosion Inhibitors (MCIs) can be 
classified into three groups according to the elec-
trochemical mechanisms (Bjegovic et al., 2000; 
Söylev and Richardson, 2008): anodic, cathodic 
and mixed.

This paper presents the results of an investiga-
tion into the effectiveness of a chloride inhibitor 
(Protectosil(R) CIT, an advanced corrosion inhibi-
tor for steel reinforced concrete based on organo-
functional silanes) in reducing corrosion of steel in 
RC beams specimen that are exposed to a chloride 
contaminated environment.

2 EXPERIMENTAL SET UP

The effectiveness of the corrosion inhibitor was 
assessed using reinforced concrete (RC) beam 
specimens (150 × 150 × 380 mm). Three binder 
types—100% CEM I 42.5N (PC), 50/50 PC/GGBS 
and 70/30 PC/FA—were used. All specimens had 
a constant water:binder ratio of 0.50 and cover of 

1 INTRODUCTION

Corrosion of steel is the major cause of deteriora-
tion of RC structures. It results when the passive 
layer of γ-Fe2O3 (gamma iron oxide) formed on the 
surface of steel during cement hydration breaks 
down. The breakdown of the protective passive 
layer on the reinforcing steel commonly results 
from the ingress of chloride ions and/or carbon 
dioxide from the exposure environment as well as 
stray currents. The corrosion of steel in Reinforced 
Concrete (RC) structures results in negative socio-
economic effects, poor aesthetics as well as reduc-
tion in the service life.

The most common techniques that have been 
used to control the corrosion of steel in RC struc-
tures comprise: patch repairs, corrosion inhibi-
tors, electrochemical techniques (e.g. cathodic 
protection, electrochemical chloride extraction, 
etc.), coating the reinforcement and concrete sur-
face treatment. Corrosion inhibitors are chemical 
substances that decrease the corrosion rate when 
present in the corrosion system at suitable concen-
tration, without significantly changing the concen-
tration of any other corrosion agent (Mackechnie 
and Alexander, 2001; Söylev and Richardson, 
2008). They are a good alternative to other corro-
sion protection methods or classical repair meth-
ods due to their lower cost and easy application.

Corrosion inhibitors control corrosion in RC 
structures through a combination of the follow-
ing mechanisms (Trepanier et al., 2001; Trejo et al., 
2009): delaying the onset of corrosion by reducing 
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20 mm. The specimens were made to conform to 
ASTM G-109 specifications. The specimens were 
exposed to a controlled laboratory environment; 
with the average temperature and relative humidity 
ranging between 23 ± 2° C and 50 ± 4% respectively. 
The selection of the aforementioned parameters 
is based on commonly used concretes in South 
Africa for structures that are exposed to marine 
environments. PC concretes were used as control 
specimens. Corrosion rates, half-cell potential and 
concrete resistivity were measured bi-weekly over 
a period of 134 weeks except for the period dur-
ing the application of the corrosion inhibitor (i.e., 
between week 62–66).

2.1 Test materials, mix design, casting and curing

The RC beam specimens were made using the fol-
lowing materials:

   i.  CEM I 42.5N,
 ii.  Fly ash (class F),
iii.  Ground granulated blastfurnace slag (GGBS),
   iv.  Klipheuwel sand was used as a fine aggre-

gate (Fineness Modulus = 2.7; relative 
density = 2.65),

    v.  Greywacke was used as a coarse aggregate 
(CBD = 1570 kg/m3; relative density = 2.7).

A summary of the concrete mix proportions 
that were used to make the test specimens, and 
some selected concrete properties, are presented in 
Table 1.

For each binder type, and water:binder ratio, 
6 beams (3 with the corrosion inhibitor applied after 
inducing corrosion and 3 without the corrosion 
inhibitor applied after inducing corrosion) were 

cast resulting in a total of 18 beams. The specimens 
without the corrosion inhibitor were used as ref-
erence specimens. The specimens were cast and 
de-moulded after 24 hours. The de-moulded speci-
mens were thereafter cured in a water bath main-
tained at a temperature of 23 ± 2° C for a period of 
28 days. Three 100 × 100 × 100 mm concrete cubes 
were also cast and cured in the same water bath. 
The cubes were used to determine the compressive 
strength of the various concrete mixes according 
to SANS 5863.

2.2 Inducing active corrosion

After 28 days of water-curing, active corrosion 
rate (icorr ≥ 0.1 μA/cm2) was induced in the speci-
mens by exposing them to two cycles of 2-week 
drying at 70° C followed by a 2-week submersion 
in a 3% NaCl salt solution). After active corro-
sion was induced in all the specimens (at the end 
of the second cycle), the specimens were then sub-
jected to a cyclic 2-week wetting with 3% NaCl 
solution followed by a 2-week drying until steady 
corrosion rates were recorded. This was attained 
between week 45 and 62 in the different speci-
mens. The average corrosion rates in the specimens 
before the application of the corrosion inhibitor 
depicted three levels of corrosion rate, namely: 
low (<0.5 μA/cm2), moderate (0.5–1.0 μA/cm2) and 
high (>1.0 μA/cm2).

2.3 Application of corrosion inhibitor

The corrosion inhibitor (Protectosil(R) CIT) was 
applied to the specimens after 62 weeks of cor-
rosion when the corrosion rates showed minimal 
fluctuation with time.

        i.  The corrosion inhibitor was applied in three 
coats. Each coat was applied by spraying the 
corrosion inhibitor onto the concrete surface.

 ii.  A period of 24 hours was allowed between suc-
cessive coats to enable the corrosion inhibitor 
to penetrate deep into the concrete (as advised 
by the supplier).

iii.  After the last (third) coat, a period of 14 days 
elapsed before resuming corrosion rate, half-
cell potential and resistivity monitoring.

   iv.  According to the supplier, the protection from 
the corrosion inhibitor is fully developed after 
14 days from the time of application of the last 
coat.

2.4 Corrosion monitoring

Corrosion monitoring comprised the measure-
ment of the following: corrosion rate, half-cell 
potential and concrete resistivity in all the test 
specimens. Corrosion rate was measured bi-weekly 

Table 1. Summary of concrete mix proportions and 
selected concrete properties.

Binder 
composition 100% PC

50/50 PC/
GGBS

70/30 
PC/FA

Material (kg/m3)
w/b ratio 0.50 0.50 0.50
Mix label PC-50 SL-50 FA-50
PC (CEM I 42.5N) 370 185 259
GGBS – 185 –
Fly ash – – 111
Fine aggregate: 

2 mm max.
827 827 827

Coarse aggregate: 
13 mm

1040 1040 1040

Water content 185 185 185
28-day compr. 

strength (MPa)
49.3 45 39

Slump (mm) 58 72 94
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using the Gecor 6TM. The Gecor 6TM is a commer-
cial corrosion rate measurement instrument that 
uses a linear polarization resistance technique to 
quantify the corrosion current density. Half-Cell 
Potential (HCP) was measured bi-weekly against a 
silver/silver chloride (Ag/AgCl) reference electrode 
as specified in the ASTM C 876. Concrete resis-
tivity was measured bi-weekly using the 4-point 
Wenner probe technique (Gowers and Millard, 
1999). The resistivity measurements were taken at 
the end of the wetting period when the surface of 
the specimens was in a saturated but surface dry 
condition. Corrosion rate, half-cell potential and 
concrete resistivity measurements were not taken 
during the application of the corrosion inhibitor 
(week 62–66).

3 RESULTS AND DISCUSSIONS

3.1 Corrosion rate

Corrosion rate refers to the amount of metal wast-
age produced by a unit surface area of metal when 
referred to a specific period of time (Andrade 
et al., 2004). Corrosion rate measurements are the 
only reliable method of measuring the actual cor-
rosion activity in RC structures. Thus, quantitative 
information pertaining to the corrosion rate of 
steel in concrete is important for the identifica-
tion of actively corroding zones, the evaluation of 
repair methods, the control of repair work on site, 
service life prediction and structural assessment of 
corroding structures.

The time development corrosion rate trends for 
the different concretes are presented in Figures 1–3. 
In the figures, ‘time zero’ corresponds to the first 
reading taken after active corrosion was induced in 
the beam specimens.

From the Figures 1–3, it is evident that the cor-
rosion rates induced in the specimens is dependent 

on the type of binder. Specimens that were cast 
using PC/GGBS and PC/FA attained corrosion 
rates that were lower than those cast using plain 
PC; despite the fact that all the test specimens were 
subjected to similar conditions while inducing cor-
rosion. These observations are consistent with the 
commonly held view that Supplementary Cementi-
tious Materials (SCMs) perform best with respect 
to corrosion control (Arito et al., 2012). The ben-
eficial effects of SCMs in reducing corrosion can 
be attributed to the refined, less continuous pore 
structure that leads to a decrease in permeabil-
ity and chloride solidification (Asrar et al., 1997; 
Trejo et al., 2009). Thus, concretes made from 
SCMs have a lower permeability and electrical 
conductivity than those made from PC. Their use 
would, therefore, result in a reduction in the rate 
of corrosion. Polder and Peelen (2002) reported 
that slag and fly ash in concrete delays the onset of 
corrosion by slowing down the ingress of chloride. 
Asrar et al. (1997 and 1999) have also reported on 
the improved corrosion protection and durability 
that is associated with the use of microsilica in 
concrete.

The average corrosion rates after the application 
of the corrosion inhibitor were computed from Figure 1. Corrosion rate trends in PC-50 specimens.

Figure 2. Corrosion rate trends in FA-50 specimens.

Figure 3. Corrosion rate trends in SL-50 specimens.
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the corrosion rate measurements made between 
weeks 128 and 134—i.e., when the measured cor-
rosion rates had stabilized. From Figures 3–6, it 
can be inferred that the application of corrosion 
inhibitors decreased corrosion rates significantly 
in all test specimens. The average corrosion rates 
decreased as follows during the test period: PC 
specimens (39%), PC/FA specimens (43%) and PC/
GGBS (60%). A summary of the average corro-
sion rates before and after the application of the 
inhibitor in the various test specimens is presented 
in Table 2.

From Table 2, it is evident that corrosion rates 
increased in specimens without an inhibitor. Thus, 
it can be inferred that the inhibitor resulted in a 
reduction in corrosion rates. The corrosion rates 
in specimens without an inhibitor increased by: 
25% in PC specimens, 32% in PC/FA specimens 
and 60% in PC/GGBS specimens. Whereas the 
experimental setup could not facilitate the direct 
comparison of corrosion rates across specimens 
made using different binders, owing to the fact 
that different corrosion rates were induced in each 
series of test specimens initially, it can be observed 

that specimens that were made using PC/GGBS 
experienced the greatest percentage reduction in 
corrosion rates. The level of corrosion rates in the 
test specimens before and after the application 
of the corrosion inhibitors changed as follows: 
 corrosion in plain PC specimens reduced from 
‘high’ corrosion rate to ‘moderate-to-high’ corro-
sion rate (i.e., from 1.25 μA/cm2–to 0.76 μA/cm2), 
corrosion rates in PC/FA specimens reduced from 
‘moderate-to-high’ corrosion rate to ‘low’ corro-
sion rate (i.e., from 0.83 μA/cm2–0.48 μA/cm2) and 
corrosion in PC/GGBS specimens reduced from 
‘moderate-to-low’ corrosion rate to ‘low’ corro-
sion rate (i.e., from 0.52 μA/cm2–0.21 μA/cm2). 
An interpretation of the aforementioned corrosion 
rates can be obtained in Broomfield, 2007.

While it has been generally observed, and 
reported in similar and other corrosion-related 
studies, that specimens made using plain PC 
tend to experience a higher percentage reduction 
in corrosion rates than in specimens made using 
blended cements, with all other factors held con-
stant (Arito, 2012; Arito et al., 2012; Arito et al., 

Table 2. Summary of average corrosion rates in test 
specimens.

Specimen ID

Corrosion rate (μA/cm2)

Week 62 Week 134

PC-50
Without inhibitor 1.22 1.53
With inhibitor 1.25 0.76
FA-50
Without inhibitor 0.83 1.10
With inhibitor 0.83 0.48
SL-50
Without inhibitor 0.50 0.80
With inhibitor 0.52 0.21

Figure 4. Half-cell potential trends in PC-50 specimens.

Figure 5. Half-cell potential trends in FA-50 specimens.

Figure 6. Half-cell potential trends in SL-50 specimens.
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2013); the higher percentage reduction in corrosion 
rate observed in PC/GGBS specimens than in PC 
specimens that were used in this study contradict 
the predominant view. The inhibitors in this study 
seem to be more effective in mitigating corrosion in 
specimens whose levels of corrosion are in the fol-
lowing order: low, moderate and high respectively. 
An explanation of this phenomenon could not be 
obtained based on the tests that were undertaken. 
Nevertheless, a more comprehensive and accurate 
explanation of this phenomenon could be obtained 
after an investigation of various specimens made 
using different binder types and exposed to similar 
initial corrosion conditions.

3.2 Half-Cell Potential

The Half-Cell Potential (HCP) (also known as 
open-circuit potential, rest potential or corrosion 
potential) is the electrochemical potential, meas-
ured in Volts, between a sacrificial black steel work-
ing electrode and a reference electrode (Trejo et al., 
2009). Any surface (typically a piece of metal) on 
which an electrochemical reaction takes place will 
generate an electrochemical potential difference 
when it is in contact with an electrolyte (Myrdal, 
2007). Thus, the measurement of corrosion poten-
tial (or half-cell potential) is one of the simplest 
ways of assessing the severity of corrosion or the 
presence of electrochemical activities that take 
place on the rebar surface.

Half-cell potential measurements, in the form of 
potential maps, are used in condition assessment 
and repair work. While half-cell potential maps 
have been reported to help in indicating the prob-
ability of reinforcement corrosion (Bjegovic et al., 
2000; Ahmad, 2003; Song and Saraswathy, 2007), 
they can also be used to determine the precise loca-
tion of corroding zones. On the contrary, potential 
maps do not provide information on the corrosion 
rate or the amount of steel lost. Thus, they ought 
to be interpreted carefully. The time development 
half-cell corrosion potential trends for the different 
concretes are presented in Figures 4–6.

From Figures 4–6, it can be observed that the 
Half-Cell Potential (HCP) trends are similar to 
those for corrosion rate in Figures 1–3. More spe-
cifically, the induction of corrosion in the speci-
mens resulted in a decrease in HCP values (i.e., 
HCP values become more negative); an observa-
tion that is consistent with literature findings. HCP 
values that are more negative are a potential indi-
cator of a higher rate of corrosion (Bjegovic et al., 
2000), especially in systems that are not subjected 
to cathodic protection. Similarly, from  Figures 4–6, 
it can be inferred that the application of the inhibi-
tor resulted in an increase in HCP values (i.e., 
HCP values became less negative). An increase in 

HCP values as a result of the addition of inhibi-
tors would imply a reduction in corrosion rates—a 
phenomenon that corroborated the results from 
the corrosion rate measurements.

The HCP values of  the test specimens were 
less negative than those of  the control specimens 
throughout the entire experiment by approxi-
mately 100 mV. The most negative HCP values 
in specimens without an inhibitor were observed 
in the following order: plain PC, followed by 
PC/FA and finally PC/GGBS. These observa-
tions are consistent with most literature on 
corrosion.

3.3 Concrete resistivity

Electrical resistivity measurements have been 
used to indirectly evaluate concrete diffusivity, the 
degree of concrete saturation and its aggressive-
ness, and the size and tortuosity of the pores in 
a concrete system (Polder et al., 2000; Grantham, 
2003; Broomfield, 2007). Thus, resistivity measure-
ments can be used to assess the ease with which cor-
rosion currents flow through concrete. Moreover, 
resistivity can be related to the corrosion rate and 
the susceptibility to penetration by chloride. Low 
resistivity spots within a structure, for example, 
could indicate the possible locations where chlo-
ride penetration will be quickest. In addition, it 
has been observed that corrosion rate is inversely 
proportional to concrete resistivity (Polder, 2001; 
Morris et al., 2002; Polder and Peelen, 2002). This 
inverse relationship between resistivity and cor-
rosion rate, however, may vary with the concrete 
composition. The time development concrete 
resistivity trends for the different concretes are pre-
sented in Figures 7–9.

From Figures 7–9, it can be seen that the appli-
cation of the corrosion inhibitor did not affect 
concrete resistivity. The specimens that were made 
using plain PC exhibited low resistivity.  Specimens 
that were made using PC/FA and PC/GGBS, 

Figure 7. Concrete resistivity trends in PC-50 specimens.
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however, exhibited high resistivity. The trends in 
the resistivity values that were observed vis-à-vis 
the binder type are consistent with literature on 
corrosion. Similarly, the fact that specimens that 
were made using plain PC concrete experienced 
corrosion rates that were higher than those made 
from PC/FA and PC/GGBS mixes is consistent 
with literature.

The increase in the concrete resistivity with time 
could be attributed to the reduction in the amount 
of pore water as a result of cement hydration. The 
increase in resistivity reduces the rate at which elec-
trons and ions move from the anode to the cathode 
within the corrosion macrocell in the embedded 
steel. The reduction in the rate at which the elec-
trons move could consequently contributes to the 
reduction in corrosion rate, though to a slight 
extent.

4 CONCLUSIONS

The effectiveness of a commercial corrosion inhib-
itor, was investigated by carrying out accelerated 
corrosion experiments in the laboratory. A modi-
fied version of ASTM G109 test method was used. 

The test results show that corrosion rates not only 
decreased in the specimens with low corrosion 
rates (<0.5 μA/cm2) but also in those with moder-
ate (0.5–1.0 μA/cm2) and high (>1.0 μA/cm2) cor-
rosion rates. Corrosion rate and half-cell potential 
measurements showed very good agreement in 
determining the effect of the corrosion inhibitor, 
confirming that both methods yielded valid results. 
The corrosion inhibitors used in this study there-
fore show good potential for application in the 
prevention of damage related to chloride-induced 
reinforcement corrosion.
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Protection against biogenic sulfuric acid corrosion—development 
of a sprayed polymer concrete

Robert Schulte Holthausen & Michael Raupach
Institute of Building Materials Research, RWTH-Aachen University, Germany

ABSTRACT: Concrete sewage systems can be severely damaged when attacked by biogenic sulfuric acid 
corrosion. While minor aggressive exposures can be accounted by using a high sulfate resistant cement, 
higher concentrations of acid (pH 3.5) require the protection of concrete surfaces. A number of different 
linings and coatings have been used in sewage systems throughout the decades, such as Polymer Concrete 
(PC) and or manually applied ceramics and inorganic glass. However, these have been limited to newly 
constructed pipes and manholes as well as local repair. In cooperation with Massenberg GmbH, the Insti-
tute of Building Materials Research of RWTH Aachen University developed a new way of applying PC 
for the rehabilitation of damaged concrete surfaces of sewage systems; by dry spraying an epoxy mortar 
on concrete, layers with an average thickness of 20 mm on vertical and overhead surfaces were success-
fully produced. The dry sprayed PC was examined for its overall performance such as strength, adhesion, 
thermal expansion, and wear. A special focus has been put on the diffusion properties and the durability 
in an acidic environment. Based on these positive laboratory results, a first practical application in a waste 
water structure is currently underway.

is a proper ventilation of the structure, purging 
the atmosphere and preventing the formation of 
sulfuric acid. Unfortunately, this is accompanied 
by a strong sulfur odor, resembling that of rot-
ten eggs, which commonly can not be accepted in 
inhabited areas. PH-Values, found in waste water 
structures, the corresponding intensity of attack 
on concrete and possible protective measures are 
listed in Table 1.

While moderate attacks from waste water down 
to a pH-value of 3.5 can be prevented by improved 
concrete technology such as increasing compac-
tion and concrete quality, and using a high sul-
fate resistance cement, higher acid concentrations 
inevitably lead to a dissolution and spalling of the 
cementitious matrix.

1 INTRODUCTION

Changes in population density in Germany have 
increased the aggressiveness of waste water. 
(Kampen et al. 2011). Reduced amounts of waste 
water increase dwelling times and require longer 
transit distances. At the same time, involuntary 
leakage of groundwater into the sewage system is 
prevented and by this, higher concentrated waste 
water is generated. At the same time, decreased 
amounts of runoff in such structures allow the 
rehabilitation using coatings and linings that are 
reducing the cross section of canals.

One severe consequence of these changes is 
the increasing attack of waste water structures by 
sulfuric acid, formed in a two step process. First 
sulfides in the waste water are biologically con-
verted to hydrogen sulfide, that degasses into the 
atmosphere of the canal and accumulates in the 
biofilm at the crown of the canal. In a second step, 
hydrogen sulfide is biologically converted into the 
highly corrosive sulfuric acid, causing a severe acid 
attack on concrete especially in the canal crown. In 
some cases, pH-values of 1 and below were meas-
ured in the biofilm in the crown (Kampen et al. 
2011), which can lead to corrosion rates of 10 mm 
per year. These high rates entail the destruction of 
waste water structures in short periods of time and 
imply the immediate need for action. One of the 
most effective ways of preventing such an attack 

Table 1. pH-value, intensity of attack and protective 
measures in waste water structur.

pH-value in 
the crown 
of the canal

Intensity of 
attack on 
concrete Protective measures

13 to 6 Mild None, suitable concrete
6 to 3.5 Moderate Cement with high sulfate 

resistence, high quality 
concrete

3.5 to 0 Severe Lining or coating 
essential
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In these cases, protective coatings or linings have 
to be used, separating the concrete from the highly 
corrosive waste water such as:

• linings
 high density polyethylene
 tube liner, GFRP (glass fiber reinforced 

plastic)
 ceramics
 polymer concrete
 inorganic glass panels and sheets

• coatings applied manually
 silicate based mineral mortar
 polymer/polymer concrete

• sprayed coatings
 Sprayed Glass
 Sprayed Polymer Concrete.

Acid resistant materials used are thermoplas-
tic polymers such as polyethylene or inorganic 
layers e.g. made of glass. (Orlowsky & Raupach 
2010) These are applied as prefabricated panels 
or linings, mounted onto the concrete surface. 
Protective coatings usually include high perform-
ance resins such as epoxy, polyester or polyurea. 
(Liebscher & Gillar 2011) While the application of 
such coatings is rather inexpensive, they bear the 
risk of delamination due to rear water pressure, 
especially on local imperfections in the substrate. 
Another widely used approach to protect concrete 
surfaces from aggressive waste water are thicker 
layers of filled polymers, also known as Polymer 
Concrete (PC). PC was able to show its excellent 
durability even in highly aggressive environments 
such as waste water structures over several decades. 
(Bloomfield 1994) The main drawback until now 
was the limitation to newly built structures or local 
repair, since up to now no proper technology for 
large scale application on site existed.

In order to meet this challenge, Massenberg 
GmbH and the Institute of Buildings Materials 
Research joined forces to develop a new applica-
tion method for polymer concrete in a dry spraying 
process. The project was funded by the German 
Federal Ministry for Economic Affairs and Energy 
(BMWi). In correspondence to Sprayed Polymer 
Cement Concrete (SPCC), this new material is 
named Sprayed Polymer Concrete (SPC). (Schulte 
Holthausen et al. 2014)

1.1 Development of a dry spraying process for PC

Dry spraying is a commonly used method to apply 
cementitious materials in layers from several millim-
eters up to a few centimeters in thickness. With dry 
spraying, a mixture of cement, aggregates, and, if  
necessary, further dry components are transported 
by an airstream from a spraying concrete machine, 
through a hose to the nozzle. While passing the 

nozzle, water is added—sprayed into the stream of 
dry components. The mixture is shot onto the sur-
face causing parts of the material to adhere. In the 
beginning, larger aggregates bounce back, forming 
the so called rebound, leaving behind a layer of 
mostly cement paste on the surface. Thus forms a 
thin sticky layer, allowing larger aggregates to adhere 
until a layer of sufficient thickness is reached. The 
compaction of the material is usually excellent due 
to the rebound, producing dense and high quality 
surfaces. On the other hand, the addition of water, 
dosed by hand by the nozzleman, and the uncon-
trolled rebound make it difficult to maintain exact 
control of the composition of the material and calls 
for an improved quality assurance on site.

The dry spraying of a PC shows several analo-
gies to dry spraying of cementitious mortar. Here, 
the aggregates are transported through a hose 
and the polymer binder is added at the nozzle. An 
important factor, determining the PCs overall qual-
ity, is the homogenization of aggregates and binder. 
Furthermore, the relation of the aggregates grading 
curve and the viscosity of the binder largely affects 
the applicability of the PC. To assure the proper 
homogenization, Massenberg GmbH developed a 
new nozzle unit, making use of a complex geometry 
of spray jets inside the nozzle, allowing complete 
coverage of the aggregates while using a minimum 
amount of epoxy resin. Similar to SPCC, the pos-
sibility of varying binder content and uncontrolled 
rebound increase the necessity for proper quality 
assurance. (Schulte Holthausen & Weichold 2014)

The rehabilitation of waste water structures 
using SPC includes the following steps (Schulte 
Holthausen et al. 2014):

• Removing all concrete having
 a sulfide contend greater than 1 wt-% with 

respect to the total concrete mass
 a mean pull-off  strength of less than 

1.5 N/mm2 and less than 1.0 N/mm2 as small-
est value

 a pH-value below 10, tested with 
phenolphthalein

• Rebuilding the pipes original cross section 
by applying an alkaline SPCC to ensure the 
loadbearing capacity and rebar protection

• Applying a protective layer of SPC with a thick-
ness of approx. 20 mm.

Figure 1 illustrates the procedure for the rehabil-
itation of a waste water structure with the machin-
ery for dry spraying and the layers applied.

1.2 Specimen preparation and methods used

All specimens were fabricated in a dry spraying 
process at a spraying station, built for this purpose. 
The station was standing covered, yet open to the 
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outside at Massenberg GmbH. Temperature and 
humidity during spraying varied from between 5 to 
25 °C. All specimens were made in a total of three 
days, distributed over one year. Between every fab-
rication day, the information gained on the mortar 
quality was iteratively incorporated into the fab-
rication process. Figure 2 illustrates the spraying 
process, fabricating specimens on a vertical surface 
and over head.

As substrates, concrete specimens with dimen-
sions of 300 × 300 × 100 mm3 according to 
DIN EN 1766 (MC 0.40) with a water/cement- ratio 
of 0.4, and a maximum aggregate-size of 8 mm 
were used. The specimens were partly wetted, to 
simulate a potentially moist concrete substrate 
inside a waste water structure. Second, moulds 
with the inner dimensions 270 × 270 × 60 mm3 were 
used for the investigation of pure SPC specimens.

The parameters, varied for the SPC production, 
were:

• different grading curves of dried quartz aggre-
gates between 0.1 to 4 mm

• type and amount of resin. The resin was a com-
mercial, solvent-free epoxy for concrete-surface 
protection

• spraying angle to the surface
• orientation of surface (vertical wall and over-

head ceiling)
• spraying pressure and nozzle mixing unit.

While concrete specimens with a SPC layer 
were mostly used for adhesion testing, the mortar 
sprayed into the moulds was cut to appropriate 
sizes for further testing.

The testing methods included:

• Testing the materials consistency
 binder content as residue on ignition
 change in grain size composition by sieving
 density

• Mechanical testing
 compressive and tensile strength on cubes 

with an edge length of 40 mm referring to 
DIN EN 12190 and DIN EN1542

 Young’s modulus on cylinders with a diameter 
of 45 mm and a length of 140 mm referring to 
DIN EN 13412

 for abrasion resistance using the so called 
“Böhmescheibe” according to DIN EN 13892

 for creep resistance referring to DIN EN 13584 
with a compression load of 25% of the maxi-
mum strength

• Testing for adhesion to the concrete substrate 
by pulling of steel cylinders with a diameter of 
50 mm, referring to DIN EN 1542.

• Permeation and its influence on mechanical 
properties of water and a solution of water and 
10% sulfuric acid by immersion of cubes with an 
edge length of 40 mm. Following the immersion, 
the compression strength was tested.

• In order to quantify the ingress of sulfuric acid 
into the specimen, non-destructive measurements 
by single-sided Nuclear Magnetic Resonance 
(NMR) were conducted, aiming to determine 
the spin-lattice relaxation in a depth profile from 
to specimens surface up to a depth of 2 mm.

The last two measurements were of particular 
importance to allow an estimation of the durabil-
ity under biogenic sulfide corrosion attack.

2 RESULTS

2.1 Results of overall performance

An overall outline of the SPC’s properties is 
given in Table 2. Even though the nozzleman was 
instructed to partly produce binder rich, as well 
as lent specimens, the binder content reached val-
ues in a comparably small variation between 14 and 
21 wt-%; all following investigations showed that 
this range of content is uncritical for the desired 
material properties. A high loss of  larger aggre-
gates was measured due to rebound. The mortar 
density varies between 2.01 and 2.03 g/cm3 indi-
cating a proper compaction; using the densities of 
resin and aggregates, a total pore volume between 
0 and 3 vol.-% can be estimated for the SPC. 

Figure 1. Schematic illustration of the procedure of dry 
spraying of a SPC inside of a sewage duct.

Figure 2. Fabrication of SPC specimens a) in moulds 
and b) on a concrete substrate overhead.
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of SPC should not be taken in account for long 
term loading capacity.

A critical parameter for the durability of linings 
and coatings is proper adhesion to the substrate. 
Especially for some epoxy binders, a moist con-
crete substrate can hamper the proper adhesion. 
 However, in this case, an epoxy was used that is 
known to adhere to damp concrete surfaces. The 
results from pull off  tests gave 2.6 N/mm2 as small-
est value and an average of 3.5 N/mm2 for all 
65 individual values. This clearly proves that adhe-
sion, even on moist substrates, is not a problem 
for this SPC and holds true for vertical as well as 
overhead surfaces. Furthermore, the influence of 
a permanent moist substrate was tested by immer-
sion of cylindrical specimens having a layer of SPC 
on a layer on concrete for three months in water. 
No significant reduction of pull-off  strength was 
notable.

2.2 Results for diffusion properties and durability

Among the economic and fast application of the 
SPC, its durability and its impermeability in moist 
and acidic environments are properties of major 
importance. Such properties can only be tested 
properly under real-life conditions; accelerated 

Figure 3. (a) Surface of dry sprayed polymer concrete 
specimen, (b) cut through the specimen, SPC applied to 
concrete substrate.

Table 2. Results from the laboratory testing of SPC specimens.

Test method Results

Property Norm Unit Value

Material consistency
Binder content Residue on ignition [wt-%] 14 to 21
Change in grain size DIN EN 12192-1:2002 Loss of larger grains
Mortar density DIN EN 12190:1998 [g/cm3] 2.02
Mechanical properties
Compressive strength DIN EN 12190:1998 [N/mm2] 90 to 105
Tensile strength DIN EN 1542:1999 [N/mm2] 12 to 16
Young’s modulus DIN EN 13412:2006 [N/mm2] 13 500 to 18 000
Wear resistance DIN EN 13892-3:2004 [cm3/(50 cm2)] 8 to 10
Creep deformation DIN EN 13584:2003 [mm/m/d] 0.039
Hygroscopic properties
Coefficient of sorption DIN EN 13057:2002 [kg/(m2d0.5)] 0.001
Diffusions resistance μH2O DIN EN ISO 7783:2012 – 3440
Thermal properties
Thermal expansion αT DIN EN 1770:1998 [10−6 1/K] 32
Adhesion
Pull of strength DIN EN 1542:1999 [N/mm2] >3.5 average

>2.6 minimum
Durability in 10% sulfuric acid (28-day immersion)
Coefficient of sorption DIN EN 13057:2002 [kg/(m2d0.5)] 0.002 to 0.006
Change in compressive strength DIN EN 12190:1998 [%] −7.5 to +4
Ingress of acid By NMR spinlattice relaxation [mm] 0.8 to 1.5

Figure 3 gives an impression of the reached sur-
face quality as well as the layer composition of the 
material.

Mechanically, the SPC shows very good prop-
erties. With compressive and tensile strengths 
greater than average cementitious mortars and 
concrete, the SPC is expected to withstand all 
usual exposures. Wear resistance is in the range 
of cementitious mortars. The creep deforma-
tion was evaluated using a four element Burgers 
model (Ritchie 1965) as long term, viscous creep. 
Values around 0.04 mm/m/d indicate, that the layer 
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tests under intensified conditions only give an esti-
mate on performance. For this, cubic specimens 
with a edge length of 40 mm were immersed in 
water and in a solution of water and 10% sulfuric 
acid for 28 days at 20 °C and the mass uptake was 
measured. As reference, specimens were stored at 
21 °C and 65% relative humidity. Afterwards, the 
specimens were dried at 40 °C until a constant 
mass was reached and were then tested for com-
pressive strength. The coefficient of sorption was 
derived from the mass uptake, following the law of 
square-root of time, according to DIN EN 13057.

Figure 4a and 4b illustrate the compression 
strength and coefficient of sorption for reference 
and immersed specimens for four different mor-
tars, differing in type of epoxy binder and binder 
content. In general, comparatively high com-
pressive strengths greater than 80 N/mm2 and at 
the same time very low coefficients of sorption 
of around 0.001 kg ⋅ m−2 ⋅ h−0.5 were found for all 
samples. The SPC shows an slightly increasing 
strength and decreasing sorption with increasing 
binder content. The SPC made with epoxy binder 
EP2 shows higher compressive strength and sorp-
tion, which is in good agreement with the results 
on the pure binder material (not shown). Immer-
sion in acid increases sorption for all materials, 
especially for SPC made with EP2.

To further investigate the influence of sulfuric 
acid, single-sided Nuclear Magnetic Resonance 
(NMR) measurements using a NMR MOUSE 
(Mobile Universal Surface Explorer) (Blümich 
et al. 2008) were conducted. This method is based 
on monitoring the de—and refocusing of spins 
in hydrogen nuclei. Here, the spin-lattice (T1) 

relaxation was measured, indicating a number of 
material properties such as molecular mobility and 
magnetic impurities in the material. The depth pro-
files shown in Figure 5 were recorded in 0.1 mm 
steps starting at the specimens surface up to a 
depth of 2 mm.

Specimens, having been stored in air or immersed 
in water show a constant value for T1 relaxation of 
around 130 ms from the surface into the specimens 

Figure 4a. Results for specimens stored in air, immersed 
in water and 10% sulfuric acid for 28 days at 20 °C for 
compression strength.

Figure 4b. Results for specimens stored in air, immersed 
in water and 10% sulfuric acid for 28 days at 20 °C for 
coefficient of sorption (error bar is showing standard 
deviations).

Figure 5. NMR spin-lattice-relaxation profiles through 
the first 2 mm from surface of SPC-specimens after the 
immersion in water and sulfuric acid for 28 days.
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bulk material. On the other hand, specimens having 
been immersed in sulfuric acid show a decrease of 
T1 relaxation of around 30% at the surface up to a 
depth of several hundred micrometers.  Moreover, 
SPC made from EP2 generally has a shorter T1 
relaxation around 110 ms but shows the same 
effect of reduced T1 relaxation at the surface. These 
results agree well with the results for the sorption 
coefficient. Specimens having greater sorption 
coefficients show a greater depth of the reduced 
T1 relaxation as well. This effect is consistent in 
further specimens and indicates that a correlation 
between ingress of sulfuric acid and the depth for 
the reduction of T1 relaxation can be found. The 
reason for this effect is still under investigation and 
is part of our ongoing research.

3 CONCLUSIONS

In a cooperative effort, the Institute of Building 
Materials Research and Massenberg GmbH suc-
cessfully developed a new polymer concrete and 
a method for its application. By dry spraying the 
material, a dense polymer concrete can be produced 
which adheres well to concrete surfaces. The wide 
range of tests done on the material show its good 
mechanical properties its technical impermeability 
and durability in moist and acidic environments. 
In particular, the sorption of the materials under 
investigation was very low, indicating the possibly 
good protection of the concrete substrate from the 
aggressive canal atmosphere. Furthermore single 
sided NMR measurements were introduced, aim-
ing at non-destructive evaluation of the ingress 
depths of sulfuric acid.

Since fall 2014, SPC specimens are tested under 
real-life biogenic sulfide corrosion conditions 
in sewage canals in Germany in a first practical 
application. Results are expected in fall 2015 and 
will be part of an upcoming publication.
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Colloidal nanosilica application to improve the durability 
of damaged hardened concrete
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ABSTRACT: Nowadays, ageing of existing concrete structures exposed to highly aggressive environ-
ments is one the highest concerns for the construction industry. In this context, developing sustainable, 
efficient and secure technologies for the repair and maintenance of such structures rises as a challenge to 
assure their service life. In present paper, a non-invasive repair method, based on the application of col-
loidal nanosilica on the concrete surface, is proposed. Two mechanisms to force the nanosilica penetration 
have been considered: capillary suction and migration. The ability of colloidal nanosilica to consolidate 
the cementitious matrix has been confirmed; nanosilica promotes the decrease of capillary pores not only 
filling the pores but also interacting chemically with the substrate to form new gels, which seem to evolve 
with time in presence of the appropriate humidity conditions.

of an electric field are being also assessed as further 
stage during electrochemical repair treatments.

The migration of silica nanoparticles covered 
with nanoalumina as further stage of a ECE 
treatment to seal the concrete surface protecting 
it against new penetration of aggressive has been 
also proposed (Cárdenas, 2006). The viability 
of the treatment was confirmed by detecting an 
increase on the steel rebar protection after this type 
of treatment through corrosion current measure-
ments (Cárdenas, 2009).

Also the viability of promote the migration of 
colloidal nanosilica under the action of an electric 
field, showing a compatible interaction between 
the nanosilica and the cementitious substrate, 
has been confirmed (Sánchez-Moreno, 2013). A 
decrease of the total porosity, with a refinement 
of the capillary pores is observed with this type of 
treatment. The reactivity of the nanosilica is pro-
posed by these authors (Sánchez, 2014) forming 
C-S-H gels with high silicon content. A maximum 
penetration depth of 2 mm was reached after the 
treatment of nanosilica migration.

In order to evaluate the influence of the trans-
port mechanism on the efficiency of the treatment 
on densifying and protect the surface against a 
further aggressive penetration, two different treat-
ments are proposed in the present study: migration 
under the action of the electric field (M) and cap-
illary suction through a previously dried mortar 
surface (CS).

1 INTRODUCTION

Nowadays, one of the greatest challenges for con-
struction industry is the need to deal with the high 
amount of aged concrete constructions presenting 
different type and level of damage. A huge invest-
ment is required in repairing activities to guaran-
tee the performance of concrete infrastructures. 
In this sense, traditional repair methods, based on 
removing the damaged part of the structure and 
substituting by new materials are not only highly 
expensive but also, often risky for workers.

Looking for novel solutions, environmentally 
friendlier, non-invasive for the structures and non-
risky for the workers should be a requirement for 
the construction industry. In last decades, advanced 
methodologies based on removing the aggressive 
instead of the polluted bulk of the concrete (car-
bonated or chloride contaminated concrete). These 
technologies, Electrochemical Chloride Extraction 
(ECE) and/or Electrochemical ReAlkalization 
(ERA), are based on applying an electrical field 
between the steel rebar, connected as cathode, and 
an external anode located on the concrete surface 
(Polder, 2003). Also the simultaneous penetration 
of corrosion inhibitors during these electrochemi-
cal treatments has been proposed to improve the 
efficiency of electrochemical repair technologies 
(Sánchez, 2011). Currently, other alternatives, 
based on incorporating electrically charged nano-
particles through concrete pores under the action 
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2 EXPERIMENTAL PROCEDURE

2.1 Materials and samples

Mortar OPC samples were fabricated for the study 
of repair treatments with colloidal  nanosilica. 
 Siliceous sand with a chemical composition of 
98% SiO2 was used in the fabrication of the mortar. 
Deionised water was employed in order to avoid 
the intrusion of other ions in the mix that could 
interfere with the posterior analysis. A cement/sand 
ratio of 1/3 and a water/cement ratio of 0.5 were 
used for the mortar fabrication. Similar mortar 
samples but substituting the siliceous sand for 
a calcareous sand with similar size distribution 
were selected for studying the chemical interaction 
between the penetrated nanosilica and the cemen-
titious matrix without interference of the siliceous 
aggregate in the chemical analysis.

Cylindrical samples of 7.5 in diameter and 15 cm 
were prepared. The samples were cured for 7 days 
within a humid chamber under controlled condi-
tions (98 ± 2% relative humidity and 21 ± 2 ºC). 
After curing, the cylindrical samples were cut in 
thinner slices, 5 cm thick, which were submitted to 
the nanosilica penetration treatments.

A commercial solution of colloidal nanosilica, 
Bindzil 301, was used for the superficial treatments 
on the hardened mortar surface. As indicated by 
the product data-sheet (Bindzil 301 data sheet), 
the amorphous silica nanoparticles are discrete, 
spherical and monodispersed. A slight superficial 
negative charge is promoted by modifying the nan-
oparticles with a reactive epoxy silane. A diluted 
solution of with 15% nanosilica was prepared for 
the superficial treatments.

2.2 Treatment methodologies

Two different methods have been assessed to pro-
mote the transport of the colloidal nanosilica 
through the concrete pores: Migration (M) and 
Capillary Suction (CS). Before the treatment with 
nanosilica, the hardened mortar samples were pre-
conditioned, as described below for both method-
ologies considered.

2.2.1 Migration treatment
Before migration treatment, mortar samples were 
saturated in water under vacuum conditions in 
order to assure the transport of silica nanoparti-
cles by migration under the applied electric field.

During testing, an external anode and cathode 
were located on both surfaces of the mortar slice, 
as shown in scheme included in Figure 1.  Stainless 
steel meshes were used as electrodes. A tank with 
the colloidal nanosilica solution was located on the 
mortar surface in contact with the cathode, in order 

to  promote the migration of the negatively charged 
particles towards the opposite side of the mortar 
sample, connected as anode, were a tank with dis-
tilled water were located to assure the electrical con-
tact in the system. A voltage of 12 V was applied 
between both electrodes and maintained for 3 days.

After finishing the treatment, the handled sam-
ples were cured in an environment with high humid-
ity, stored in a closed box with water in the bottom, 
in order to allow the nanosilica reacting with the 
cementitious substrate, forming the new phases 
that fill the pores and consolidate the solid matrix.

2.2.2 Capillary suction treatment
Before capillary suction of colloidal nanosilica 
diluted solution, mortar samples were dried at con-
trolled conditions (25°C, 30% RH) until constant 
weight in order to favor the transport by suction of 
the nanosilica solution.

The arrangement was similar than in the case of 
migration but without the connection of the elec-
tric field. In this case, also two electrodes were 
located at both sides of the mortar slice, in order 
to take periodical measurements of the resistivity 
across the sample, as defined in next section.

The treatment with colloidal nanosilica penetrat-
ing by capillary suction was carried out in 5 cycles 
defined by 2 days of nanosilica penetration (tank 
filled with the solution) and 5 days of drying at the 
laboratory atmosphere (tank empty).

2.3 Sealing efficiency characterization

2.3.1 Indirect sealing parameters
Resistivity measurements were carried out follow-
ing the arrangement defined in the Spanish stand-
ard for direct measurements (UNE 83988-1:2008). 
An a/c current was applied between the electrodes 
located at both sides of the samples (32 mVrms at 
1 kHz) to obtain the ohmic resistance (Rohm) value. 
Each value was obtained as the mean value of 
5 measurements.

Figure 1. Arrangement scheme for migration treatment.
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The resistivity (ρ) is estimated multiplying the 
cell constant (k), as defined in equation (1):

ρ =

=

k R⋅

k S
L

ohm
 (1)

where S is the area of the sample in contact with 
the electrodes and L is the thickness of the mortar 
slice.

After the migration treatment, the resistivity 
of the mortar samples was monitored during the 
28 days of storage under high humid conditions. In 
the case of capillary suction treatment, resistivity 
measurements were carried out during the 28 days 
of treatment; the measurements were obtained in 
high humid conditions, just before empty the tank 
for starting each drying stage.

2.3.2 Direct sealing parameters
After the migration treatment, the effective chlo-
ride diffusion coefficient was determined at the age 
of 28 days after finishing the treatment, using an 
accelerated test defined in the Spanish standard 
(UNE 83987:2009). The effective chloride diffusion 
coefficient was estimated under stationary condi-
tions, forcing the migration of chloride through 
the pores of the treated mortar under the action of 
an external electric field (12 V). Similar arrange-
ment than the described in (Andrade, 1993) was 
used for characterizing the chloride transport. The 
treated mortar was located in a migration cell with 
two external electrodes located at both sides of the 
sample. A 1 M chloride diffusion filled the tank 
with the cathode (catholyte) and distilled water the 
tank with the anode (anolyte). The chloride migra-
tion was forced from the catholyte to the anolyte 
by applying a constant voltage of 12 V. The con-
ductivity of the anolyte was periodically measured 
until reaching almost constant values. The chloride 
concentration was estimated from equation (2):

C VaVV− −= ⋅ ⋅10 71 453
25( .−1 ( .11 ))  (2)

where Cl− = chloride amount in the anolyte (in 
mol); C25 = conductivity of anolyte at 25°C (in mS/
cm); and Va = anolyte volume (in l).

The effective chloride diffusion coefficient at 
steady state conditions (Deff) can be obtained from 
the modified Nernst-Planck equation (3):

Deffff
A R T l

z S F Cl ss
=

⋅R
⋅S ⋅Cl− γ φ⋅ Δ

 (3)

where A = slope in the lineal region Cl−(t) response 
(mol/s); R = 1.9872 cal/mol ⋅ K; T = mean tempera-
ture in anolyte during the test (K); l =  thickness 

of the mortar sample (cm); z = 1; S = area of 
the sample exposed to the chloride solution 
(cm2); F = 23,060 cal/Veq; Cl− = initial concentra-
tion of chloride in catolyte (mol/cm3); γ = 0.657; 
Δφss = weighted mean value of the effective voltage 
between both sides of the sample during the treat-
ment, obtained in the stationary period (V), that is, 
during the period of Cl− vs t linear response.

After the capillary suction treatment with col-
loidal nanosilica, the coefficient of water absorp-
tion (K) and the mortar effective porosity (εe) were 
estimated following the procedure described in 
the Spanish standard for determining the absorp-
tion of water by capillarity (UNE 83982:2008). 
This test was carried at the end of the treatment 
(30 days total length).

Previously to the water absorption test, the lat-
eral surface of the samples was painted to avoid 
penetration of water through the lateral areas and 
the treated samples were pre-conditioned under 
controlled conditions (20 ± 2°C, 65% RH) until 
reaching constant weight. Then, the treated sur-
face was on a recipient with a thin layer of water 
(about 5 mm) and the sample was periodically 
weight until 72 hours of testing.

Two stages can be distinguished when represent-
ing the mass-profit (Q) versus t0.5: a lineal behavior 
during the early hours, corresponding to the water 
absorption through the capillary pores (stage 1), 
and an almost constant response due to the filling 
air pores by diffusion (stage 2).

The water capillary absorption coefficient (K) 
can be estimated from equation (4):

K
A t

n

n
=

⋅ A
( )Q Qn 0

10
 (4)

where Qn = weight of the sample at saturation, i.e., 
at the end of the stage 1 (g); Q0 = weight of the 
sample before starting test (g); A = section of the 
sample (cm2); tn = time (min) needed to reach satu-
ration, i.e., time at the end of stage 1.

2.4 Nanosilica/cementitious matrix interaction

The reactivity of the nanosilica with the cemen-
tious matrix was evaluated by characterizing the 
chemical composition of treated mortars after 7 
and 28 days of finished the migration treatment by 
BSE/EDX with a JEOL JSM-6360 LV. The C/S of 
C-S-H gels was estimated as a qualitative indicator 
of this chemical interaction.

This analysis was carried out on mortar samples 
fabricated with calcareous sand to avoid the inter-
ference of siliceous sand on the chemical analysis 
of the hydrated phases in the cementitious solid 
matrix.
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3 RESULTS AND DISCUSSION

3.1 Efficiency of colloidal nanosilica 
migration treatment

3.1.1 Evolution of indirect sealing parameters
In Figure 2 the evolution of the resistivity dur-
ing the post-treatment period, from the finishing 
of the migration treatment until 28 days of cur-
ing under high humidity conditions, has been 
 represented. Two samples are represented in order 
to evaluate the measurement repeatability. A good 
correlation between both samples can be observed 
from Figure 2.

The electrical resistivity (ρ) is an indirect meas-
urement of the pore connectivity in the cementi-
tious matrix of concrete. After the nanosilica 
migration treatment, a significant increase of the 
resistivity is registered with the time of curing in 
high-humid conditions. An evolution of the inter-
action between the penetrated nanosilica and 
the cementitious matrix, forming new products 
that consolidate the substrate, could justify this 
increase. After 7 days of post-treatment curing, 
the resistivity of the mortar sample treated with 
colloidal nanosilica tends to stabilize, maintaining 
a non-significant variation until 28 days of post-
treatment curing. It seems that the most relevant 
part of the interaction between the nanosilica and 
the treated substrate takes place during the first 
7 days of post-treatment curing under high humid-
ity conditions.

3.1.2 Direct sealing parameters: 
Chloride transport resistance

The efficiency of the migration treatment in pro-
tecting the mortar samples against the further 
penetration of chloride was analyzed and the value 
of the effective chloride diffusion coefficient was 
estimated at the age of 28 days after finishing the 
treatment.

In Figure 3 the evolution of chloride in the 
anolyte during the accelerated migration test for 
estimating the effective chloride diffusion coef-
ficient (Deff) applying equations (2) and (3) is 
included. A non-treated mortar sample, stored 
under the same humid conditions than the treated 
ones has been included as the reference case.

The estimated values for Deff are included in 
Table 1 for both treated and reference mortar sam-
ples. The decrease of Deff in treated mortar samples 
at the age of 28 days after finishing the treatment 
with colloidal nanosilica migration confirms the 
effectiveness of the treatment in hindering a fur-
ther penetration of aggressive. A significant reduc-
tion in Deff has been registered in both treated 
samples (>65%).

3.2 Efficiency of colloidal nanosilica 
capillary suction treatment

3.2.1 Resistivity measurements
In Figure 4 the evolution of the resistivity during 
the treatment of colloidal nanosilica penetration by 
capillary suction mechanism has been  represented. 
The resistivity measurements were taken during 
the treatment, at the end of each stage of prod-
uct application, that is, just before removing the 

Figure 2. Resistivity evolution of treated mortar 
 samples during the period of curing after the migration 
treatment finished.

Figure 3. Evolution of chloride in the anolyte during 
chloride migration test. Colored lines: stationary-state 
period.

Table 1. Effective chloride diffusion coefficient in 
treated samples after the colloidal nanosilica migration 
treatment.

Deff (10−8 cm2/s) % decrease

Treated sample 1 1.33 76
Treated sample 2 1.99 65
Reference sample 5.62
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the graph, until the stabilization of the mass 
increment.

– Stage 2: almost constant response due to the fill-
ing air pores by diffusion.

Longer periods for the stage 1 are registered 
for the treated mortar samples indicating a slower 
water absorption by capillarity. Also lower increase 
of mass are measured for the treated samples, con-
firming the higher resistance against the water pen-
etration from the treated surface.

In Table 2 the values estimated for the coeffi-
cient of water absorption (K) are resumed for both 
treated and reference cases. A significant decrease 
on this coefficient is obtained for mortar samples 
after the treatment with penetration of colloidal 
nanosilica by capillary suction.

3.3 Colloidal nanosilica/cementitious 
matrix interaction

3.3.1 After migration treatment
In Figure 6 one micrograph of the interaction 
between the penetrated nanosilica and the cemen-
titious solid matrix of calcareous mortar, at the age 
of 28 days after finishing the treatment, is included. 
The micrograph shows a region near to the treated 

Figure 4. Resistivity evolution of treated mortar sam-
ples during the cycles of capillary suction treatment for 
nanosilica penetration.

Figure 5. Increase of mass during test for character-
izing the capillary water absorption coefficient after the 
nanosilica penetration by capillary suction.

 solution for starting the dry step of each cycle. 
Three samples were considered in order to evalu-
ate the repeatability of the measurements and the 
mean value is included in Figure 4.

A gradual increase of resistivity is registered 
during the capillary suction treatment for nano-
silica transport, mainly after the 3rd cycle of the 
treatment (15 days).

3.2.2 Water absorption measurements
In Figure 5 the increase of mass (ΔQ) the two tested 
samples after the capillary suction treatment with 
nanosilica penetration has been represented. Two 
non-treated mortar samples at the same age were 
also tested as reference cases.

The two typical stages of this type of testing can 
be distinguished:

– Stage 1: water absorption through the capil-
lary pores. Corresponds to the linear region of 

Table 2. Coefficient of water absorption 
(K) and mortar effective porosity (εe) after 
capillary suction.

K (kg/m2 min0.5)

Treated sample 1 6 ⋅ 10−4

Treated sample 2 5 ⋅ 10−4

Reference sample 2 ⋅ 10−3

Reference sample 2 ⋅ 10−3

Figure 6. Micrograph of the nanosilica/solid phases 
interaction at the age of 28 days after finishing the migra-
tion treatment. Depth: 100 μm from treated surface.
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surface (about 100 μm depth). The black numbers 
indicate the C/S ratio analyzed by EDS.

The presence of C-S-H gels enriched in silicon is 
observed, as previously stated in (Sánchez, 2014). 
A nucleus with lower C/S ratio (0.6–0.7) appears 
surrounded by C-S-H with higher C/S ratio (0.80–
1.10). The typical values traditionally observed in a 
conventional C-S-H gel (1.5–1.8) are observed out 
the nucleus silicon-enriched.

Thus, the incorporation of the nanosilica to the 
cementitious matrix can be expected to occur by 
chemical reaction with the calcium compounds 
of substrate, giving the formation of new solid 
phases that evolve with the hydration during the 
curing period of treated samples in high humid 
conditions.

3.3.2 After capillary suction treatment
In Figure 7 one micrograph of the interaction 
between the penetrated nanosilica and the cemen-
titious solid matrix of calcareous mortar, after the 
treatment with penetration of colloidal nanosilica 
by capillary suction, is included.

The micrograph shows a region near to the 
treated surface (about 100 μm depth). The black 
numbers indicate the C/S ratio analyzed by EDS.

In this case the presence of a nucleus enriched in 
silicon compounds is also observed; the C/S ratio in 
this region presents lower values (0.07–0.60) when 
comparing with the mortar after nanosilica migra-
tion treatment (Fig. 6). Furthermore, in the case 
of nanosilica penetration by capillary suction, the 
increasing gradient of C/S ratio is not clear, and 
the presence of “conventional” C-S-H gels around 
the nucleus with enriched silicon composition is 
not identified.

The hypothesis of an earlier stage of hydration 
of the new C-S-H gels incorporating the penetrated 

nanosilica might justify these observations. The col-
loidal nanosilica would penetrate through the mor-
tar pores but the long periods of dried conditions 
would hinder the reactivity of nanosilica with the 
calcium compounds of the substrate, and thus, the 
evolution of the new products should be slower 
than in the case of nanosilica migration test.

Nevertheless, further studies focused on evalu-
ate the evolution of C-S-H gels after the different 
treatments, considering several ages of post-curing 
both in high and low humidity conditions are 
being carrying out in order to go in depth in the 
definition of the action mechanisms of colloidal 
nanosilica when enters in contact with a hardened 
cementitious matrix.

4 CONCLUSIONS

– Two different treatments are successfully pro-
posed to promote the transport of colloidal 
nanosilica from the surface of mortar samples: 
electrical migration and capillary suction.

– In both applied treatments, an increase of 
resistivity has been observed after the nano-
silica penetration, as an indirect indicator of 
the cementitious matrix consolidation after the 
treatments.

– The treatments of nanosilica penetration have 
shown to be effective in hindering the further 
entrance of chloride and water.

– The presence of humidity seems to be a criti-
cal factor controlling the chemical interaction 
between the nanosilica and the hardened cemen-
titious matrix.
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Combined influence of slag composition and temperature 
on the performance of slag blends
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ABSTRACT: This study has investigated the influence of GGBS chemical composition on the strength 
and transport properties of slag blends under different temperature conditions. Two slags having Ca/Si 
ratios of 1.05 and 0.94 respectively were used to partially replace a CEM I 52.5R at 30%. Various tests 
including compressive strength, sorptivity, chloride ingress and chloride binding were carried out on mor-
tar and paste specimens to measure the performance of the slag blends against a CEM I 42.5R at 20 and 
38°C. The mortar specimens were cured for 28 days before exposure to a 3% sodium chloride solution. 
The results obtained showed that temperature had more influence on the performance of the slag blends 
than the variation in chemical composition. The slag with the higher Ca/Si ratio had better chloride bind-
ing and chloride resistance, and this was attributed to its higher alumina content.

investigating the hydraulic activity of  five dif-
ferent slags concluded that there was no clear 
correlation between the basicity ratios and the 
properties of  the slags.

This work focuses on the impact a change in 
chemical composition of GGBS may have on its 
performance in different temperature conditions.

2 EXPERIMENTAL PROGRAMME

2.1 Materials

Two CEM I cements (CEM I 42.5R and CEM I 
52.5R) designated as C42.5R and C52.5R were used 
for the study. Two slags (S1 & S2) having similar 
physical properties but different chemical compo-
sitions were used for the study. Both were com-
bined with the C52.5R at 30% replacement level. 
The performance of the slag blends were measured 
against the C42.5R. The chemical composition of 
the slags and cements, as determined by XRF and 
some physical data are shown in Table 1.

2.2 Details of mixes and curing conditions

A mixture of mortar and paste samples was used 
throughout this study. Compressive strength, 
sorptivity and chloride penetration depth were 
determined on mortar samples, while bound chlo-
ride content was determined from paste samples. 
For all the tests, samples were prepared using a 
water:binder (w/b) ratio of 0.5. All samples were 
cured at temperatures of 20 and 38°C and at a rela-
tive humidity of 99%.

1 INTRODUCTION

Concrete is the most widely used construction 
material in the world with consumption rates up 
to 11 billion metric tonnes every year. This is as a 
result of its ability to resist penetration of water 
when used in marine environments, good fire 
resistance properties, versatility in forming vari-
ous shapes, abundance of raw materials and low 
manufacturing and maintenance costs (Mehta and 
Monteiro, 2006). One consequence of concrete’s 
popularity is that it is responsible for about 5–7% 
to total global CO2 emissions (Bye, 2011).

Over recent decades, it has become common 
practice to use Secondary Cementitious Materi-
als (SCM) such as GGBS, fly ash, silica fume, to 
partially replace Portland cement in the making of 
concrete. When they are used as additives, these 
SCMs have been shown to improve certain proper-
ties of concrete such as workability, durability and 
long—term strength.

As the drive to reduce global CO2 emissions 
continues, there would be much more demand 
for these SCMs. However, slag composition may 
vary from site to site, and so variability in chemical 
composition is worthy of attention.

There are standards which regulate the use 
of  these SCMs. For example, BS EN 197-1:2011 
stipulates that for GGBS the (CaO + MgO)/SiO2 
ratio by mass must exceed 1 (EN197-1:2011). 
However, work done by several authors has 
shown that these oxide (basicity) ratios may 
not be an accurate predictor of  slag reactivity 
and performance. A study by (Mantel, 1994) 
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3 TEST METHODS

Unconfined Compressive Strength (UCS) tests 
were conducted in accordance with (EN196-
1:2005). 40 × 40 × 160 mm mortar prisms were cast 
and split in the middle after a period of 24 hours 
to produce 40 × 40 × 80 mm samples for testing. 
Mortar samples were cured at 20 and 38°C so as 
to investigate the influence of temperature on the 
strength performance of the slag blends.

Sorptivity was determined using similar meth-
ods to those used by (Güneyesi and Gesoğlu, 
2008). 50 mm mortar cubes were cured for 28 days 
at 20°C and 38°C, and dried to constant mass in an 
oven at 50°C. The sides of the samples were coated 
with paraffin and placed in a trough of water, with 
the water level kept at about 5 mm from the base 
of the samples. The mass of the specimens were 
recorded at predetermined times (1, 4, 9, 16, 25, 36, 
49 and 64 mins). At each of these times, the mass 
of water absorbed by each specimen was obtained, 
and from this the sorptivity coefficient (k) was cal-
culated using the following expression:

k Q
A t

=
 

(1)

where:
Q  amount of water absorbed in cm3

t  time in seconds
A  cross-sectional area of the specimen that was in 

contact with the water in cm2

k  sorptivity coefficient in cm/s1/2.
The depth of chloride ion penetration was 

measured by exposing 50 mm mortar cubes to a 
3% sodium chloride solution after they had been 
initially cured for 28 days. The samples were with-
drawn periodically, at 14, 28, 56 and 90 days, to 

determine the depths of chloride ion penetration. 
The withdrawn samples were split in half  and the 
surfaces of the freshly split samples were sprayed 
with a 0.1M silver nitrate (AgNO3) solution. The 
presence of free chlorides was indicated by the 
formation of a white precipitate of silver chlo-
ride (AgCl), while in the absence of free chlorides 
the reaction between silver nitrate and portlandite 
resulted in a brown coloration, due to the forma-
tion of silver hydroxide. Thus, by linear measure-
ments from the edge of the specimen up to the 
colour change boundary, the depth of free chloride 
penetration could be determined.

Bound chloride content was measured using the 
method developed by (Luping and Nilsson, 1993). 
Paste samples were prepared and cured in sealed 
plastic moulds for a period of 8 weeks. The central 
portions of the cured samples were wet-crushed 
and water-sieved to particles ranging in size from 
0.25 to 2.0 mm. The particulate samples were vac-
uum dried in a desiccator at room temperature to 
remove most of the water, then stored in a desicca-
tor with decarbonized air at 11% RH kept by satu-
rated LiCl solution for 14 days. About 20 g of the 
particulate sample dried at 11% RH was put in a 
plastic cup and filled with approximately 50 ml of a 
given concentration of NaCl solution saturated with 
Ca(OH)2. The cup was sealed and stored at temper-
atures of 20 and 38°C for a period of 6 weeks to 
attain equilibrium. After equilibrium was reached, 
the chloride concentration of the resulting solution 
was determined. Knowing the initial concentration 
of the NaCl solution, the content of bound chlo-
rides was determined using the expression:

C
V

WbC =
( )C Ci fC C−35 45.

 
(2)

where:
Cb  bound chloride content in mg/g-sample
V  volume of solution in ml
Ci  initial concentration of the chloride solution in 

mol/l
Cf  equilibrium concentration of the chloride solu-

tion in mol/l
W  weight of the dry sample in g, which is calcu-

lated from the difference in weight of the sam-
ple dried in a desiccator at 11% RH and in an 
oven at 105°C.

4 RESULTS AND DISCUSSION

4.1 Compressive strength

The compressive strength results obtained at 20 
and 38°C for all mixes is shown in Figure 1. At 
20°C, the C42.5R mix had higher early strength 

Table 1. Properties of cementitious materials.

Property Unit C42.5R C52.5R S1 S2

LOI 
950°C

% 2.20 2.54 (+1.66) (+0.40)*

SiO2 % 19.71 19.10 36.58 40.14
Al2O3 % 5.08 5.35 12.23 7.77
MnO % 0.03 0.03 0.64 0.64
Fe2O3 % 2.97 2.95 0.48 0.78
CaO % 63.16 62.38 38.24 37.90
MgO % 2.19 2.37 8.55 9.51
SO3 % 2.97 3.34 1.00 1.47
Glass % na na 99.3 97.1
Blaine cm2/g 3510 5710 4490 4090
Density g/cm3 3.23 3.18 2.94 2.95

*The sample was oxidized with HNO3 before the deter-
mination of LOI.
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gain up to 7 days but this trend reversed at 28 days 
and beyond with the slag blends having higher 
strengths. Slag 1 had a higher basicity ratio than 
slag 2 and was expected to perform better but the 
difference in their strength performance was mini-
mal especially at later ages. This is in agreement 
with results obtained by (Mantel, 1994).

The high temperature curing at 38°C as shown in 
Figure 1b increased the early strength of the sam-
ples up to 7 days but there was minimal strength gain 
beyond 28 days as compared to 20°C. This shows 
the deleterious impact of high temperature curing 
on the later-age strength development as observed 
previously (Barnett et al., 2006, Brooks and Al-kaisi, 
1990). The slag blends showed better strength per-
formance than the C42.5R at all ages. Also, at 38°C 
there was a clear distinction in the strength perform-
ance of the slag blends with slag 1, the more basic of 
the 2 slags, performing better than slag 2 at all ages.

4.2 Sorptivity

The 28-day sorptivity data are shown in Table 2. 
Increasing the curing temperature from 20°C to 

38°C resulted in an increase in sorptivity of the 
C42.5R sample by about 140%, compared with an 
increase of about 90% for the slag blends.

High temperature curing results in a high initial 
rate of hydration, retarding subsequent hydra-
tion. This produces a non-uniform distribution of 
hydration products compared with the case of a 
lower curing temperature (Brooks and Al-kaisi, 
1990). This explains the increase in sorptivity at 
the higher curing temperature of 38°C.

At 20°C, the sorptivity of  the slag 2 blend was 
60% higher than that of  the slag 1 blend suggest-
ing that the slag 1 blend has a finer microstructure 
and is more resistant to the penetration of  water. 
While the curing at 38°C increased the sorptivity 
of  the slag blends by about 90%, the difference 
between the sorptivity of  the slag 2 blend com-
pared to that of  the slag 1 blend was relatively the 
same as at 20°C.

4.3 Depth of chloride penetration

The depth of chloride ion penetration measured 
for samples which had been cured for 28 days 
before exposure to 3% sodium chloride solution is 
shown in Figure 2.

From both plots, it can be seen that the slag 
blends performed better at resisting chloride 
ingress than the C42.5R mix. As was observed in 
the results obtained from the sorptivity test, there 
was a negative impact of high temperature curing 
on the resistance to chloride ingress. Increasing 
the temperature from 20°C to 38°C resulted in an 
increase of about 45% in the chloride ion penetra-
tion depth of the C42.5R mix after 90 days of expo-
sure. For the slag 1 and slag 2 blend, the increase 
was 30% and 50% respectively. This is in line with 
results obtained previously (Detwiler et al., 1991, 
Al-Khaja, 1997).

As the duration of exposure increased, the 
depth of chloride ion penetration also increased. 
However, the increase was more pronounced at 
38°C. At 20°C, the difference between the aver-
age chloride penetration depth after 28 and 90 day 
exposure was 3 mm for the C42.5R mix, and about 
1 mm for the slag blends. However, at 38°C the dif-
ference was about 8 mm for the C42.5R mix, 2 mm 
and 4 mm for slag 1 and slag 2 blends respectively.

Figure 1. Compressive strength development at (a) 
20°C and (b) 38°C.

Table 2. Effect of curing temperature on sorptivity.

Sorptivity, k (cm/s1/2) × 10−3

20°C 38°C

C42.5R 4.12 ± 0.08 9.94 ± 0.07
C52.5R + 30S1 2.08 ± 0.05 3.96 ± 0.07
C52.5R + 30S2 3.32 ± 0.09 6.36 ± 0.04
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4.4 Chloride binding capacity

The bound chloride content obtained for samples 
exposed to 6 different concentrations of sodium 
chloride solution (0.1, 0.3, 0.5, 1.0, 2.0 and 3.0 M) 
at 20°C is shown in Figure 3. The chloride binding 
capacity of the mixes was obtained using Freund-
lich’s binding isotherm (shown in Equation 3), as 
this gave the best fit to the data.

C CbC fCαCC β
 

(3)

The chloride binding coefficients α and β 
obtained for the mixes is shown in Table 3.

From Figure 3, the bound chloride content 
increased as the concentration of the sodium chlo-
ride solution increased. The slag blends had higher 
chloride binding capacities than the C42.5R mix. 
This explains the lower chloride penetration values 
obtained for the slag blends as compared with the 
C42.5R mix.

The chloride binding capacity of the slag 1 blend 
was slightly higher than that of the slag 2 blend, 

and was in agreement with the results obtained 
for the depth of chloride penetration. The higher 
chloride binding capacity of slag 1 blend could be 
attributed to its higher alumina content, as had 
previously been observed (Thomas et al., 2012).

The effect of temperature on chloride binding 
was also investigated. Figure 4 shows the bound 
chloride content for the mixes at 38°C while 
Table 4 shows the corresponding chloride binding 
coefficients.

Evaporation occurred at rates ranging from 
6–8% at 38°C and this was corrected for using the 
method adopted by (Zibara, 2001) as shown in 
Equations (4–6). The correction is based on two 
assumptions:

– The ratio of the initial and equilibrium volume 
of the chloride solutions is equal to the ratio of 
the initial and equilibrium weight of the chloride 
solutions

– The evaporation does not affect the equilibrium 
between the bound and free chlorides

V
V

W
W

iVV

eeVV
iWW

eeWW
=

 
(4)

C V C Ve iC VV eeC eeVV=ViVV  (5)

C C
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Figure 2. Depth of chloride ion penetration at (a) 20°C 
and (b) 38°C.

Figure 3. Chloride binding relationship for all mixes at 
20°C.

Table 3. Chloride binding coefficients at 20°C.

Mix α β Adj. R2

C42.5R 11.74 0.52 0.965
C52.5R + 30S1 19.47 0.53 0.976
C52.5R + 30S2 17.48 0.54 0.986
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Increasing the temperature from 20°C to 38°C 
increased the bound chloride content for all the 
mixes. There was an increase of about 49% in the 
chloride binding coefficient (α) of the C42.5R mix 
as against 36% and 32% for slag 1 and slag 2. One 
would expect this to reflect in the chloride ingress 
resistance, but the results shown in Figure 2 showed 
that increasing the temperature from 20°C to 38°C 
increased the depth of chloride ion penetration.

DTG plots obtained from thermal analysis car-
ried out on the test samples at the end of the expo-
sure period are shown in Figure 5. The plots show 
increased peak due to Friedel Salt (FS) for the sam-
ples that were exposed at 38°C, which agrees with 
the results of the chloride binding experiment.

This is in agreements with results obtained pre-
viously (Panesar and Chidiac, 2011). In a study 
by (Loser et al., 2010) on the chloride resistance 
of  concrete and its binding capacity, they pointed 
out that chloride binding is related to the degree 
of  hydration of  the cement and of  the mineral 
admixtures. The higher chloride binding capac-
ity observed at the higher temperature of  38°C 
can be attributed to the effect of  temperature on 
the degree of  hydration. The higher temperature 
of  38°C may lead to a higher degree of  hydra-
tion as shown in the compressive strength results, 
hence greater chloride binding. The higher tem-
perature of  38°C may also result in a coarser and 
a more open microstructure, hence the greater 

depths of  chloride ion penetration and water 
sorptivity.

Chloride binding capacity may not be a good 
indicator of performance relating to resistance to 
chloride ingress as shown by the results obtained 
from this study. However, there was a strong cor-
relation between the results obtained for sorptivity 
and depth of chloride ion penetration.

5 CONCLUSIONS

From the results obtained from the study, the fol-
lowing conclusions are drawn:

– High temperature curing enhances the early 
strength development of slag blends but not the 
later strength.

– The strength and transport properties of slag 
blends are better than that of neat systems espe-
cially at high temperature conditions.

– High temperature curing increases the rate of 
chloride ingress. However, this has a greater 
effect on slags of lower reactivity.

– The alumina content of slags tends to enhance 
their chloride binding and their ability to 
resist chloride ingress, but not necessarily their 
strength.

– High temperature exposure can increase the 
chloride binding capacity but this does not nec-
essarily mean that there would be an improved 
resistance to chloride ingress.
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Figure 4. Chloride binding relationship for all mixes at 
38°C.

Table 4. Chloride binding coefficients at 38°C.

Mix α β Adj. R2

C42.5R 17.49 0.56 0.995
C52.5R + 30S1 26.46 0.55 0.984
C52.5R + 30S2 23.00 0.58 0.997

Figure 5. DTG plots showing peaks of Freidel Salt (FS) 
for all mixes at 20 and 38°C.
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The construction of the bridge over the Vaal River 
in Warrenton—a case study

Tiago Massingue
The South African National Roads Agency Limited SOC (SANRAL), South Africa

ABSTRACT: The construction of the bridge over the Vaal River in Warrenton replaces an existing low 
level bridge that had been in operation for 83 years. From an economic perspective, the new bridge offers 
significant improvements in terms of living conditions to the people of Mahareng as during the rainy 
season they were deprived from crossing the Vaal River for approximately six weeks. Specific objectives 
outlined during the design stage, highlighted to the following improvements over the existing low level 
bridge:

• providing an extra lane capacity, improving traffic flow in both directions,
• providing new pedestrian footpaths and thus enhancing safety,
• providing safer road shoulders for bicycles crossing the bridge,
• improved discharge capacity during high floods of the Vaal River,
• reducing the risk of floods which have in the past affected the local community in Warrenton,
• improving the economic development for Warrenton,
• enhancing the overall traffic flow and safety on the N18 as a National Road.

The existing low level bridge was to be demolished in order to accommodate the new one. However 
the existing legislation in South Africa [Section 34 Act 25, 1999—South African Heritage Resources 
Agency] outlines that any structure that is in existence for over 60 years must be protected in terms of 
heritage requirements. Therefore, while the above objectives were still justified, Structural Retrofitting 
for altered service conditions was to be given to the old structure in order to preserve its historical sig-
nificance. The Project has shown at the end that new and old can come together in a proactive bridge 
development interface. Critics argue that the old bridge has enhanced the significance of  the new one. 
Additional benefits were gained by means of  job creation, training programs and the SMME develop-
ment in the area. This is a positive South African story about the development of  bridge infrastructure 
projects as part of  the South African National Roads Agency’s mandate to promote and develop road 
network of  the country.

The original bridge over the Vaal River in War-
renton opened for traffic on the 29 October 1931, 
was designed by the Office of the Chief Inspector 
of Roads at the Cape Provincial Administration 
and constructed by Mr. Marshall. This low level 
bridge has the following dimensions: 55 Spans of 
16 m each and 2.5 m height.

To accommodate pedestrians on the single car-
riageway bridge of 3 m width, 1 m × 0.6 m precast 
concrete side sidewalks were provided and painted 
in yellow for aesthetics.

With some geometric constraints the low level 
bridge has been used for 83 years. The type of 
constraints during its existence included a lim-
ited bridge cross section allowing one direction of 

1 INTRODUCTION

The South African National Roads Agency SOC 
Limited (SANRAL) is mandated to provide and 
manage a sustainable national road infrastructure, 
to minimize the cost of transport and to stimulate 
economic growth. These objectives may include, 
from time to time, the need to upgrade existing or 
build new structures, where necessary, to improve 
traffic flow and the safety of road users. It is within 
this context that SANRAL has identified the 
need to construct a new bridge on National Route 
18 Section 1 (N18-1), in proximity and downstream 
of the existing single lane, low level bridge across 
the Vaal River at Warrenton in the Northern Cape 
Province.
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traffic flow at a time and overtopping by floods as 
per the Table 1, below, and the associated repair 
costs immediately after floods passed through.

Table 1, shows that the highest discharge of 
4194 cumecs after 1931 was recorded in 1988. The 
consequence of such flood and recently confirmed 
particularly with the 2010 recent floods, is that 
adjacent communities were not able to access the 
Municipality of Warrenton where there is a pre-
dominance of economic activities. This from the 
National Roads Agency perspective was an unat-
tainable situation and needed to be permanently 
addressed.

From an economic perspective, the new bridge 
offers significant improvements in terms of living 
conditions to the people of Mahareng Municipal-
ity. Specific objectives were outlined during the 
design stage and are highlighted below:

• provide an extra lane to improve traffic flow in 
both directions,

• provide new pedestrian footpaths and thus 
enhance safety,

• provide safer road shoulders for bicycles to cross 
the bridge,

• improve discharge capacity during high floods 
of the Vaal River,

• reduce the risk of floods which have in the past 
affected the local community in Warrenton,

• improve the economic development of Warrenton,
• enhance the overall traffic flow and safety on the 

N18 as a National Road.

Site investigations revealed that the existing low 
level bridge had to be demolished in order to accom-
modate the new one. However, legislation in South 
Africa [Section 34 Act 25, 1999—South African 
Heritage Resources Agency] requires that any struc-
ture that has been in existence for over 60 years 
must be protected in terms of heritage requirements. 
 Therefore, while the above objectives were justified, 
Structural Retrofitting for altered service condi-
tions was to be given to the old structure in order 
to preserve its historical significance. The Project 
has shown at the end that new and old can come 
together in a proactive bridge development interface. 

Comments received suggested that the old bridge 
has enhanced the significance of the new one.

1.1 Scope overview

The project is located on the northern outskirts of 
Warrenton in the Northern Cape Province, in the 
Frances Baard District Municipality. Warrenton as 
shown in Annexure A, resorts under the Magareng 
Local Municipality.

This paper entails the construction of a new 
bridge (Bridge No. B0067) and the associated road 
works for the realignment of National Route 18 
Section 1 (N18-1) across the Vaal River at Warren-
ton, in proximity to and downstream of an exist-
ing single lane, low level river bridge, (Bridge No. 
B2284) on N18-1. The total length of realignment 
of N18-1, inclusive of the new bridge which has a 
length of 368 m, was 1.48 km.

Work undertaken in terms of the contract 
included:

• Establishment of the contractor,
• The provision of offices, laboratories and hous-

ing for the engineer’s site personnel,
• The accommodation of traffic. The existing low 

level river bridge remained in use for the accom-
modation of traffic throughout the construction 
of the project,

• The relocation of existing electrical (Eskom and 
Municipal) and telecommunication services,

• The construction of roads works,
• The construction of surface drainage,
• The construction of subsoil drainage,
• The construction of the new Bridge B0067 

across the Vaal River,
• The rehabilitation of the existing low level 

bridge, which was retained due to the historic 
significance thereof,

• Ancillary work consisting of:
• The installation of service ducts;
• The construction of segmental block paved 

sidewalks;
• The construction of gabion erosion protec-

tion, including the protection of approach 
fills to the new bridge across the Vaal River;

• The erection of guardrails;
• The erection of fencing;
• The relocation of existing road signs and the 

erecting of new road signs;
• The application of road markings;
• The establishment of grassing;
• Finishing of the road and road reserve and 

the treatment of the old road;
• The erecting of the following at the existing low 

level bridge across the Vaal River:
• Bollards to prevent vehicular access to the 

bridge;

Table 1. Record of worst flood over 83 years 
of the low level bridge performance.

Number Year Discharge (m^3/s)

1 1957 3568
2 1988 4194
3 1996 2359
4 2010 2749

The construction of new bridge, over the Vaal 
River in Warrenton.
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• Information signs regarding the use of the 
bridge;

• The construction of a segmental block paved 
rest area on the Warrenton side of the Project. A 
commemorative plaque providing a brief  back-
ground of the existing low level bridge and new 
bridge was erected at the rest area. A blocked 
paved walkway was constructed from the rest 
area to the existing low level bridge:
• The erecting of the overhead lighting over an 

800 m length of the project, including across 
Bridge no. B0067.

2 THE NEW ROAD AND BRIDGE 
DESIGN CRITERIA

The new design criteria is based on the South Afri-
can design requirements in terms of the following:

• overall bridge alignment and project limits,
• access roads to the new bridge,
• the Technical Recommendations for Highways 

(THR 4 Road Category and THR 7 for Bridges),
• the design speed,
• the level of service, and,
• the road cross section.

The details of the design criteria and scoping 
requirements are discussed below.

Horizontal alignment:
 2 no. horizontal curves.

Vertical alignment:
 dictated by bridge deck soffit design level:
 based on SANRAL design criteria
 designed for 1:50 recurring flood with 1.6 m 

freeboard
 maximum road gradient: 2.6%
 0.5% gradient across new bridge
 fill height at bridge approaches:
 maximum height: 4.5 m
 new cutting north of Vaal River:
 maximum depth: 2.5 m
 material between new and existing cutting to be 

removed.

Pavement design:
Surfacing: Asphalt—from commercial sources
Base: Crushed, graded stone—from commercial 

sources
Sub base: Cement stabilized natural gravel—from 

cutting and/or commercial sources
Selected layers: Natural gravel—from cutting and/

or commercial sources.

Surface drainage:
 Prefabricated culverts
 Side inlets, downpipes and stilling basins on 

high fills, with gabion erosion protection

 Concrete lined open drains with stilling basins, 
with gabion erosion protection.

Subsurface drainage:
 in cuttings
 perforated UPVC pipes with crushed stone and 

sand backfill concrete outlet structures.

Ancillary road works:
 gabion erosion protection, including bridge 

approach fills
 guardrails
 fencing
 road signs
 road markings
 finishing.

Accommodation of traffic during construction:
 on surfaced temporary deviations and existing 

road existing low level bridge to remain in use.

Bridge Dimensions:
Length:
 overall length: 368 m
 16 no. spans × 23 m long.

 Cross-sectional dimensions:
 overall width: 14.76 m
 2 × 3.7 m wide lanes
 1.5 m wide surfaced shoulders
 1.5 m wide sidewalks: separated from traffic 

lanes by concrete barriers with concrete pedes-
trian handrails.

Substructure:
Foundations:
 reinforced concrete foundations
 anchored into rock with epoxy grouted bars.

Abutments:
 2 no. abutments
 reinforced concrete, wall type, with splayed wing 

walls.

Piers:
 15 no. piers
 reinforced concrete, twin wall type, rounded 

piers with supporting beams for deck.

Superstructure (deck):
 precast beams with reinforced concrete dia-

phragm beams
 reinforced concrete deck slab
 concrete barriers separating traffic lanes and 

pedestrian sidewalks
 pedestrian sidewalks with provision for utility 

services
 precast concrete pedestrian handrails.

Overhead lighting:
 installation of overhead street lighting.
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3 HYDROLOGICAL STUDIES

3.1 Deterministic and emperical 
flood estimation methods

Flood peaks were estimated using the Regional 
Maximum Flood (RMF) and the Standard Design 
Flood (SDF) methods for recurrence intervals 
ranging from 1:10 years to 1:200 years. Flood peaks 
for these methods are summarized in Table 2.

3.1.1 Regional maximum flood
The Vaal catchment extends across the flood region 
with a K-value of K = 3,4. Using the Franco-Rodier 
equation on which the RMF peaks are based yields 
a value of 11,713 m3/s. Maximum recorded values 
within this regions reveals that at the Bloemhof 
dam, a value of 6140 m3/s was recorded during the 
1988 floods (88/03/15) in the area. At the Kimberly 
water works, a value of 5410 m3/s was recorded in 
Feb 1894. These have been reported in the technical 
report titled, “Regional Maximum Flood Peaks in 
Southern Africa” Report No TR137 by Mr Z Kovacs 
of the Department of Water Affairs and Forestry.

3.1.2 Summary of deterministic and empirical 
flood peak calculations

A summary of the calculated flood peaks are 
shown in Table 2.

The RMF estimate of 11713 m3/s should be 
viewed as an approximate upper limit of the flood 
peak for this catchment against which the other 
flood estimation methods can be compared. As this 
is a very large catchment, the Rational and SDF 
methods should idealize the required flood peaks. 
The Empirical method seems to overestimate the 
flood peaks for most of the recurrence intervals. 
The recorded data (1940–2007) from gauging sta-
tion C9H008, including the floods of 1988, were 
statistically analyzed to provide more certainty 
about the varying deterministic and empirical 
flood peak flow estimates.

3.1.3 Catchment characteristics
The New bridge location falls in Drainage Region 
C of the Department of Water Affairs (DWAF 
Main Drainage Regions) with a catchment area 
of 117 613 Km^2. The surface hydrology of the 
catchment consists mainly of the Vaal River and 
its major tributaries namely the Vet, Vals, Renoster 
and Wilge Rivers. The length of the longest water-
course namely the Vaal River, from its origin near 
Breyton in Mpumalanga to the defined bridge 
location is approximately 1089 km.

A network of  dams also forms part of  the 
catchment area. The Bloemhof Dam is situ-
ated approximately 100 km upstream of  the new 
bridge location. Further upstream some of  the 
major dams in the system are the Vaal Dam and 
Grootdraai Dam in the Vaal River, Skerknsfon-
tein Dam in the Wilge River, Allemanskraal Dam 
in the Sand River and the Erfenis Dam in the Vet 
River.

4 BRIDGE HYDRAULICS

4.1 Input data and analysis method

In compliance to Chapter 8 of  SANRAL Drain-
age Manual, 5th Edition, the Bridge hydrau-
lic Analysis, was based on the following design 
Parameters:

• Road Classification: Class 2 (Regional Distributor)
• Design Frequency: 1:50 years
• Design Flood: 4200 m^3/s
• Freeboard, FD: 1.6 m.

The HEC-RAS River Analysis System was 
used for calculation of the flood lines and bridge 
hydraulics, with the following data input:

• Steady Flow analysis method: Chèzy
• Roughness Coefficient based in the Drainage 

Manual a roughness of 0.4 m was used for the 
Chèzy Analysis. The presence of rocks in the riv-
erbed was taken into consideration in determin-
ing the roughness coefficient.

• An estimated downstream riverbed slope of 
0.002 m/m was used. The slope is defined as the 
slope at the downstream cross section, which is 
1 km downstream from the existing low-level 
bridge.

The bridge hydraulics of the following proposed 
bridge locations was determined.

Location A:  the new bridge is located 10 m down-
stream of the existing low flow, with 
the existing bridge position.

Location B:  the new bridge is located 20 m down-
stream of the existing low flow, with 
the existing bridge position.

Table 2. Comparison of calculated peak flows.

Return 
period Rational Empirical

SDF 
(basin 8) RMF

1:2 1023  358
1:5 1615 1228
1:10 2163  4412 2062
1:20 2922  5992 3084
1:50 4543  8297 4783 5922*
1:100 6452 10536 6392 7062*
1:200 7520 8286 8363*
RMF (return period not defined) 11713

*50,100 and 200 year flood peaks based on QT/RMF 
ratios calculated during the study.
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Location C:  the new bridge is located 10 m down-
stream of the existing low flow, with-
out the existing bridge position.

Location D:  the new bridge is located 20 m down-
stream of the existing low flow, with-
out the existing bridge position.

4.2 Recommended bridge deck soffit level

The 1:50 yr Water Surface (WS) elevations at the 
bridge locations discussed above can be summa-
rized as per the table below:

The maximum gradient is 2.795%, through a cut-
ting north of the Vaal River, and the minimum gra-
dient is 0.5%, which is also the gradient maintained 
across Bridge no. B0067 towards Warrenton.

Maximum fill heights on the approaches to 
Bridge no. B0067 are approximately 4.5 m above 
natural ground level. The maximum height above 
river bed of the deck of Bridge no. B0067 is 
approximately 9 m. North of the Vaal River, the 
vertical realignment resulted in a cutting with a 
maximum depth of approximately 2.5 m.

5.1.2 Cross-sectional elements
(a) N18-1
The realignment of N18-1 was constructed to a 
bituminous surfaced, two lane, single carriageway 
standard.

In Warrenton, where the realignment of N18-1 
joins onto the existing alignment of N18-1 (Margareta 
Prinsloo Street), the road width was tapered to join 
onto the existing road width of 18.4 m.

Over the extent of the intersection of N18-1 and 
provincial roads MR923 and DR3405 the road 
width is also to be adjusted to accommodate exclu-
sive right turn lanes to these respective provincial 
roads.

Cross-sectional elements of the realignment of 
N18-1 were as follows:

• 2 × 3.7 m wide bituminous surfaced lanes
• 1.5 m wide bituminous surfaced shoulders 

adjoining the lanes
• a total nominal bituminous surfaced width of 

10.4 m
• a camber of 2%, except where the road is in super 

elevation in the curve located between km1.399 
423 and km2.087 845

• 1.5 m wide sidewalks adjacent to surfaced shoul-
ders, on either side of Bridge no. B0067, between 
Joubert Street in Warrenton and the intersection 
of N18-1 with provincial roads MR923 and 
DR3405.

On the approach fills to Bridge no. B0067, a 
Type B1 semi mountable kerb-and-channelling 
combination was constructed between the surfaced 
shoulder and the sidewalk. In these instances, the 
300 mm wide cast in situ concrete channelling was 
incorporated into the 1.5 m wide bituminous sur-
faced shoulder.

Through the cutting north of the Vaal River, 
sidewalks were constructed at the bituminous 
surfaced level of the road to facilitate drainage. 
 Concrete edge beams were constructed between the 
1.5 m wide bituminous surfaced shoulder and the 
block paved sidewalk. On the Warrenton-bound 
lane, concrete edge beams were also constructed on 
the outer edge of the block paved sidewalk. On the 
Jan Kempdorp-bound lane, a 1.5 m wide V-shaped 

Location
Bridge upstream 
WS elevation (m)

Bridge downstream 
WS elevation (m)

A 1171.83 1171.98
B 1171.84 1171.97
C 1171.83 1171.98
D 1171.84 1171.97
Average 1171.835 1171.975

Maximum WS elevation 
at the bridge Freeboard

Minimum bridge 
deck soffit level

1172 + 1.6 m = 1173.60

The recommended bridge deck soffit level is 
thus as provided below:

For a schematic indication of the bridge deck 
soffit level refer to Annexure B.

5 DETAILED DESCRIPTION 
OF THE MAJOR WORKS

5.1 Road works

5.1.1 Horizontal and vertical alignments
(a) Horizontal alignment
The horizontal realignment of N18-1 included two 
horizontal curves, namely:

• a curve with a radius of 80 m, located between 
km0.849 198 and km0.933 025, on the Warren-
ton side of Bridge no. B0067, and

• a curve with a radius of 720 m, located between 
km1.399 423 and km2.087 845, on the Jan 
Kempdorp side of the project.

Bridge no. B0067 is located on a straight align-
ment, between the abovementioned curves.

(b) Vertical alignment
The vertical realignment of N18-1 included four 
vertical curves with lengths ranging from 150 m to 
300 m.
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Type F concrete lined open drain was constructed 
adjacent to the outer edge of the sidewalk.

Sidewalks were constructed to a 2% fall, sloping 
away from the bituminous surfaced shoulder

• guardrails were erected in sidewalks, adjacent 
to kerb-and-channelling combinations, on the 
approach fills to Bridge no. B0067, and adjacent 
to the surfacing over the extent of sidewalks 
between Bridge no. B0067 and the intersection 
of N18-1 with the provincial roads.

Guardrails were also erected on the outer edges 
of sidewalks, as pedestrian safety measures, over 
the longitudinal extents of the wingwalls of Bridge 
no. B0067

• on the approach fills to Bridge no. B0067, an 
800 mm wide gravel shoulder was constructed 
adjacent to the outer edge of the sidewalks

• fills were constructed to a nominal side slope of 
1V: 1.5 H

• cuttings were excavated to a nominal slope of 
1V: 2 H

• in situ material remaining between the Warrenton-
bound lane of N18-1 and the cutting on the exist-
ing alignment of N18-1 was removed and shaped to 
form a continuous surface towards the upper edge 
of the cutting on the existing alignment of N18-1.

(b) Intersecting roads, streets and accesses
Cross-sectional elements for intersecting roads, 
streets and accesses were as follows:

Joubert Street:
• 2 × 3.4 m wide bituminous surfaced lanes, and 

bituminous surfacing over the extent of the bell 
mouth of the intersection with N18-1

• Type B1 semi-mountable kerb-and-channelling 
combination over the extent of the bell mouth.

Warren Street: 
• 2 × 3.4 m swide bituminous surfaced lanes with 

0.3 m wide bituminous surfaced shoulders over 
the extent of bituminous surfacing, and bitumi-
nous surfacing over the extent of the bell mouth 
of the intersection with N18-1

• Type B1 semi-mountable kerb-and-channelling 
combination over the extent of the bell mouth

• 8.4 m wide gravel wearing course over the extent 
of gravel surfacing.

Commemorative plaque- and rest area access:
• 2 × 3.4 m wide segmental block paved lanes and 

bituminous surfacing over the extent of the bell 
mouth of the intersection with N18-1

• Type B1 semi-mountable kerb-and-channelling 
combination over the extent of the bell mouth 
and the sidewalk leading to the rest area.

Main Road (MR) 923:
• 2 × 3.7 m wide bituminous surfaced lanes with 

1.7 m wide bituminous surfaced shoulders over 

the extent of bituminous surfacing, and bitumi-
nous surfacing over the extent of the bell mouth 
of the intersection with N18-1;

• 800 mm wide Type C cast in situ concrete 
mountable kerbs over the extent of  the bell 
mouth

• 8 m wide gravel wearing course over the extent 
of gravel surfacing.

District Road (DR) 3405:
• 2 × 3.7 m wide bituminous surfaced lanes with 

1.7 m wide bituminous surfaced shoulders over 
the extent of bituminous surfacing, and bitumi-
nous surfacing over the extent of the bell mouth 
of the intersection with N18-1

• 800 mm wide Type C cast in situ concrete mount-
able kerbs over the extent of the bell mouth.

5.1.3 Pavements
(a) N18-1
The pavement of N18-1 consisted of the following:

• Bituminous surfacing:
• 40 mm thick continuously graded, medium 

grade, asphalt surfacing, manufactured with 
60/70 penetration grade bitumen

• Base:
 150 mm thick type G1 crushed stone base com-

pacted to 88% of apparent density
• Subbase:
 50 mm thick type C4 stabilised natural gravel 

compacted to 96% of modified AASHTO 
density

• Upper selected layer:
 150 mm thick type G6 natural gravel compacted 

to 95% of modified AASHTO density
• Lower selected layer.

150 mm thick type G7 natural gravel compacted 
to 93% of modified AASHTO density.

(b) Intersecting roads, streets and accesses
The pavements for the bituminous portions of 
intersecting roads were as described for N18-1.

The pavements for the gravel portions of inter-
secting roads consisted of the following:

• Gravel wearing course:
150 mm thick type G7 natural gravel compacted 
to 95% of modified AASHTO density

• Upper selected layer:
 150 mm thick type G6 natural gravel compacted 

to 93% of modified AASHTO density.

(c) Roadbed preparation
Roadbed preparation consisted of the compac-
tion of the in situ material to 90% of modified 
AASHTO density.

(d) Stabilization of upper selected layer
The upper selected layer was stabilized and 
compacted to 95% of modified AASHTO 
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density over limited lengths of 80 m and 50 m, 
respectively, at the beginning and end of the cutting, 
and at the abutments of Bridge no. B0067. 17

(e) Bituminous surfacing on bridge deck
Bituminous surfacing on the deck of Bridge no. 
B0067 consisted of a nominal 50 mm thick contin-
uously graded, medium grade, asphalt, first placed 
as a levelling layer with a nominal thickness of 
10 mm, followed by a 40 mm thick wearing course. 
A tack coat was applied to both the concrete sur-
face of the bridge deck and to the asphalt levelling 
layer.

5.1.4 Surface drainage
(a) Culverts
Culverts consist of prefabricated pipe culverts with 
cast in situ reinforced concrete head-and wingwalls 
where required.

(b) Surface drainage
Surface drainage consisted of the following:

• a Type B1 semi-mountable precast concrete 
kerb and cast in situ concrete channelling com-
binations on the approach fills to Bridge no. 
B0067

• reinforced concrete side inlets with 300 mm 
diameter corrugated metal downpipes and still-
ing basins, in Type B1 kerb-and-channel com-
binations, on the approach fills to Bridge no. 
B0067

• a 900 mm base width × 600 mm deep, trapezoi-
dal shaped, cast in situ reinforced concrete canal, 
with stilling basin, extended by means of gabi-
ons up to the Warrenton abutment of Bridge no. 
B0067, leading from Warren Street towards the 
Vaal River

• a 1.5 m wide Type F, V-shaped, cast in situ con-
crete lined open drain with stilling basin, in the 
cutting on the Jan Kempdorp-bound lane of 
N18-1, north of the Vaal River

• 800 mm wide Type C cast in situ concrete mount-
able kerbs at the intersection of N18-1 and pro-
vincial roads MR923 and DR3405

• a cast in situ reinforced concrete field inlet, 
which drains into a stormwater pipe leading 
towards the trapezoidal canal, at the intersection 
of N18-1 and Warren Street

5.2 Bridge no. B0067

5.2.1 Locality
Bridge no. B0067 is located on the north western 
outskirts of Warrenton. The longitudinal centre of 
the bridge is at km1.124 on N18-1.

The bridge crosses the Vaal River at an angle 
of approximately 88° to the direction of flow and 
approximately 6.8 m to 19.8 m downstream of the 
low level bridge.

5.2.2 Geology
The bridge is located on andesitic lava of  the 
Allanridge Formation of  the Platberg Group, 
Ventersdorp Supergroup. Exposures of  this rock 
are present within the streambed of  the Vaal 
River. Alluvial gravels and boulders, overly-
ing the andesite bedrock, are also evident in the 
streambed.

5.2.3 General description
Bridge no. B0067 is concrete structure consisting 
of a cast in situ reinforced concrete substructure, 
founded on rock, and a superstructure compris-
ing a beam-and-slab type deck consisting of pre-
tensioned, pre-stressed beams and a cast in situ 
reinforced concrete slab. 18.

The bridge is 368 m long between abutments, 
consisting of 16 × 23 m spans, and has a skew angle 
of 0°. The overall deck width is 14.76 m, including 
sidewalks.

5.2.4 Foundations
The bridge is founded directly on hard rock andesite, 
on mass concrete, by means of spread footings. Foot-
ings are anchored into the rock by means of Y32 bars 
which were drilled and grouted into the rock.

5.2.5 Substructure
The two abutments consist of reinforced concrete 
wall type abutments with splayed wingwalls.

The fifteen (15 no.) piers consist of twin, rein-
forced concrete, Y-shaped wall type columns with 
rounded ends and cross beams to support the 
superstructure.

Both the abutments and piers were constructed 
with fluted (recessed) surface finishes, which were 
treated with protective coatings.

5.2.6 Superstructure 
The superstructure consists of nine (9 no.) pre-
tensioned, pre-stressed beams per span, with 
transverse diaphragm beams, and a cast in situ 
reinforced concrete slab.

The overall deck width of 14.76 m provides for 
the following:

• 2 × 3.7 m wide traffic lanes
• 1.5 m wide road shoulders on either side of the 

traffic lanes
• 1.5 m wide sidewalks on either side of the bridge, 

separated from the road shoulders by means of 
Type F cast in situ concrete parapets. Sidewalks 
are provided

6 GENERAL APPLICATIONS

National Water Act 1998:

 Section 21(c): Impeding or diverting the flow of 
water in a watercourse
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 Section 21(i): Altering the bed, banks, course or 
characteristics of a watercourse

An additional rest area with tables and parking 
facilities was also provided to enhance the social 
component of the project.

Construction Methodology.

7 PROJECT OUTPUTS

At the end of the construction process the follow-
ing road and bridge construction outputs were 
achieved:

 144 Precast Beams
 27.2 tonnes per beam
 16 Prestressing Strands
 Total length presstressing Strand in Beams 

approximately 59.04 km
 Total Length Rebar in Beams: approximately 

209.4 km
 Elastomeric Bearings: 288
 Total Volume Concrete in Bridge: approximately 

6295 m^3
 Total Area Formwork (Temporary and Perma-

nently): Approx 10350 m^2
 Mass of Total Structure: Approx 16000 tonne.

8 PROJECT MILESTONES/
ACHIEVEMENTS

8.1 Sanral strategy for socio-economic 
development

In line with the South African Government’s Policy 
to address poverty related issues the South African 
National Roads Agency includes the following in 
its projects:

 Labour Intensive Methods
 The Contract Participation Goals (CPG)
 Training & Skills transfer Programs, and
 The Socio-Economic Development
 Environmental Control & Mitigation Actions.

By investing in the above additional benefits are 
gained by means of job creation, the SMME devel-
opment in the area as well as training programs. 
The construction of the bridge over the Vaal River 
in Warrenton has become a positive story in terms 
of the overall development of bridge infrastructure 
projects in South Africa, for the following reasons.

8.2 Job creation

• A number of persons employed has varied dur-
ing contract period, dependent on requirements. 
The maximum number of persons employed per 
month was in the order of 145.

• Of the above on average 50% of persons 
employed were local and representing local 
communities.

• The proportion of persons-hours in terms of 
employment throughout the project duration 
was: Male: 255884 and Females: 38392.

• The value of employment of local persons was 
in the order of R5.6 million.

• The value of employment of all persons was: 
Male: R10.9 million and for Female was R1.1 
million, totaling overall R12 million.

8.3 Targeted enterprises (SMME and BE)

• Employment varied during contract period, 
dependent on requirements. The maximum 
number of targeted enterprises during any 
month was 7.

• The type of services delivered included:
 Steel fixing,
 Relocation of electrical services,
 Transport,
 Gabion construction,
 Fencing activities,
 Security Services,

• The Value of employment to SMMEs was in the 
order of R9.4 million.

8.4 Training and skills transfer

A substantial effort was made on site to train local 
labour in order to equip them with the required 
skills for doing the bridge construction and works 
related activities.

These have included:
Engineering skills
• Basic Concrete Skills,
• Basic Reinforcing Skills
• Laying of precast kerbs
• Installation of concrete culverts
• Installation of gabions and reno mattresses.

A total of 60 people were trained in this regards.

Generic skills
• Applying the Organization and Health Safety 

(OHS)—Act in Construction Environment,
• The Traffic Management on Site,
• The environmental Induction.

A total of 393 people were trained in these areas.

Entrepreneurial skills
• Business Appreciation Skills
• Estimating and Tendering processes
• Safety.

A total of 19 people, 14 from the seven com-
panies employed and 5 selected from the labourer 
have benefitted from the training process.
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Professionally accredited companies were 
appointed by SANRAL for all the above activities.

8.5 The socio-economic development

The overall cash injection into the communi-
ties during the construction period through the 
implementation of  strategic objectives and project 
components amounted to R21 million. The spin-
offs in terms of  long-term development to the 
area remain to be quantified but the safety of 
road users and people living in the area has sig-
nificantly improved since the bridge opening in 
 February 2013.

8.6 Environmental control and mitigation actions

The following issues were relevant for environmen-
tal compliance:

• The area where the bridge was constructed was 
considered an important spawning area for fish 
species within the region. This was especially 
pertinent as the presence of both the Vaal-
harts Weir and the Bloemhof Dam means that 
upstream access was not possible to migrating 
fish. SANRAL therefore had to ensure that the 
habitat would not suffer transformation due to 
the construction activities and that all site dis-
turbances would be reinstated.

• As the habitat associated with the bridge site 
would be readily utilised by fish as spawning 
beds SANRAL had to make considerable effort 
to ensure that construction activities in the water 
course (e.g. pier footings) during autumn and 
winter seasons when the river’s flow is also at it’s 
lowest, as this was also be advantageous for the 
construction of the works.

• In addition to the implementation of the Envi-
ronmental Management Plan (EMP), which by 
law is a contractual requirement, an independ-
ent Environmental Control Officer (ECO) was 
assigned by SANRAL to monitor, audit and 
report on the implementation of the EMP, both 
during the construction phase and the subse-
quent watercourse rehabilitation.

• The bridge design and construction was under-
taken in a manner such as not to impact on the 
longitudinal connectivity of the aquatic habitat, 
and the migratory access was maintained as this 
was considered vital to the ongoing conserva-
tion of fish within the region.

• The footprint of the development during the 
construction phase was retained as small as pos-
sible by limiting construction vehicles and plant 
to designated roadways only.

• Destruction of the riparian habitat through the 
unnecessary clearing of vegetation was avoided.

• Dumping of any excess rubble, building mate-
rial or refuse was prohibited within the riparian 
habitat. Dumping of materials only took place 
at designated and properly managed sites.

• Adequate toilet and ablution facilities were pro-
vided for all construction personnel to negate 
informal ablutions taking place within riparian 
zones.

• Fires within the riparian zones were prohibited.

9 POSITIVE IMPACTS/CONCLUSION

 Reduction of possibility of flooding of river 
crossing

 Elimination of traffic diversion during floods
 Access to Warrenton improved
 Provision of two lane, uninterrupted traffic 

flow
 Improved safety for pedestrians and cyclists
 Reduction in road user costs
 Elimination of economic loss to Warrenton dur-

ing flooding
 Reduction of maintenance costs for SANRAL.

By doing this Project SANRAL was not only 
able to fulfill its stated objective to develop and 
manage the national roads network, but through 
Structural Retrofitting for altered service condi-
tions was able to improve road safety, while at the 
same time would preserve the historical signifi-
cance of the old structure. The Project has shown 
that the new and old can live together by the proac-
tive interface of this bridge infrastructure project.
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Annexure A: Bridge location.

Annexure B: Flood hydrology and bridge hydralulics.
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Bridge photos

Low level bridge built in 1931.

Floods 2010—Road & bridge cut off  6 weeks.

Low level bridge—reduced cross section.

Maintenance & safety challenges after 2010 floods.

The old and new bridges: 1931–2014.

The new bridge 2013/2014.

New bridge 2013/2014.

New bridge: retrofitting for altered service conditions.

ICCRRR15_Fullpaper_Book.indb   519ICCRRR15_Fullpaper_Book.indb   519 8/27/2015   9:14:32 AM8/27/2015   9:14:32 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-73&iName=master.img-002.jpg&w=171&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-73&iName=master.img-003.jpg&w=171&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-73&iName=master.img-004.jpg&w=171&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-73&iName=master.img-005.jpg&w=171&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-73&iName=master.img-006.jpg&w=171&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-73&iName=master.img-007.jpg&w=171&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-73&iName=master.img-008.jpg&w=171&h=106
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-73&iName=master.img-009.jpg&w=171&h=105


520

Appendix A

Date Report/document title Author(s) 

July 
2011

CONTRACT No: N.018-010-2007/1— 
The Construction of a bridge 
and associated road works across 
the Vaal River in Warrenton: 
Volumes 1, 2, 3, 4, 5, 6 & 7.

The Regional Manager—SANRAL: J C Van Der Walt: 
Project Manager—Tiago Massingue—SANRAL, 
Edwin Kruger, Bridge Network Manager—SANRAL, 
Supervision Engineer: J J Opperman SNA Civil 
Structural Engineering

1996 The Technical Recommendations for 
Highways (THR 4 Road Category)—
THR6:1996

COLTO—Committee of Land and Transport Officials 
South Africa

1999 South African Heritage Resources 
Agency—[Section 34 Act 29, 1999]

GOVERNMENT NOTICES,
South African Heritage Resources Agency

1993 Department of Environmental 
Affairs National Water Act 1998: 
Section 21 (c); Section 21 (i)

GOVERNMENT NOTICES, DEPARTMENT OF 
ENVIRONMENTAL AFFAIRS AND TOURISM

1993 Occupational Health and Safety Act, 
1993 Construction Regulations, 
1993, Act No. 85 of 1993

GOVERNMENT NOTICES, DEPARTMENT OF 
LABOUR

2014 Occupational Health and Safety Act, 
1993 Construction Regulations, 
2014 Act No. 85 of 1993

GOVERNMENT NOTICES, DEPARTMENT OF 
LABOUR

2000 Preferential Procurement Policy Act 
2000 Treasury Regulations—
Act 5 of 2000, (PPPFA)

GOVERNMENT NOTICES, DEPARTMENT OF 
TREASURY

December 
2003

The Broad-Based Black Economic 
Empowerment Act—Act 53 of 2003
(B-BBEEA)

GOVERNMENT NOTICES, DEPARTMENT OF 
TREASURY

October Flood Hydrology and Bridge Hydraulics SNA CIVIL & STRUCTURAL ENGINEERS
2008 Final Report
December 

2011
Revised PPPFA Regulations December 

2011—Alignment of PPPFA goals 
with B-BBEE objectives

GOVERNMENT NOTICES, DEPARTMENT OF 
TREASURY
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Numerical study on effect of ductility in the flexural capacity 
enhancement of RC beam strengthened with FRP

A. Kashi & M.Z. Kabir
Department of Civil and Environmental Engineering, AmirKabir University of Technology, Iran

F. Moodi
Concrete Technology and Durability Research Center, AmirKabir University of Technology, Iran

ABSTRACT: The repair, rehabilitation and strengthening of Reinforced Concrete (RC) beams is a chal-
lenging engineering problem. Flexural strengthening of these members is achieved by attaching FRP 
strengthening system to the tension face of a flexural member. Previous studies have demonstrated by 
attaching externally bonded fabric of Carbon Fibre Reinforced Polymer (CFRP) laminate to the tension 
side of reinforced concrete beams can increase stiffness and maximum load of the beams. In this report, 
a finite element model was posted out to examine the effect of ductility on the flexural capacity enhance-
ment of RC beams after attaching CFRP. Two cases of RC beam (552 mm × 305 mm × 6840 mm) were 
analysed by FE modelling. The field of longitudinal flexural rebar has been dissimilar in these two types 
of the beam. The total area of flexural rebar in series A beams is more than series B. Modelling of three 
point bending experiment for control beams (without attaching CFRP) showed that beam in type B is 
more ductile than type A. By applying CFRP on the tension face of the beams, the gain in maximum 
flexural load of the specimens reached values of approximately 8.8% and 13.4% in type A beam and 35% 
and 46% for type B beam respectively, for 1 mm and 2 mm thickness of CFRP. The results showed apply-
ing the FRP system in a more ductile beams, will be more efficient than the beams by low ductility.

application as well as corrosion resistance. Many 
researchers have shown that the structural per-
formance of the externally bonded FRP systems 
to RC structures depends on bond between con-
crete and FRP. Therefore proper preparation of 
concrete surface and curing of adhesive at the time 
of FRP installation are crucial for structural per-
formance (Bank, 2006).

Flexural capacity of RC beams will be improved 
after attaching FRP system on the tension face 
of members. The behavior of reinforced concrete 
beams was studied by Kachlakev and Miller. For 
the finite element models, the flexure, shear, and 
flexure/shear strengthened beams have had higher 
load carrying capacities than the control beam by 
37%, 16%, and 105%, respectively. The experimen-
tal FRP-strengthened flexure, shear, and flexure/
shear beams have had capacities greater than the 
control beam by 45%, 45%, and 104%, respectively 
(Kachlakev, et al., 2001). Other research showed, 
the stiffness of the CFRP-retrofitted beams have 
been increased compared to that of the control 
beams and installing externally bonded CFRP 
plates have resulted in an increase in maximum 
flexural capacity. The increase in maximum load 
of the retrofitted specimens have reached values 

1 INTRODUCTION

FRP composites have been used in structural engi-
neering for both new construction and for repair 
and strengthening of existing structures. Strength-
ening of members, where the original structure’s 
strength or ductility is increased from the loads or 
displacements for which it was originally designed. 
This increase may be necessitated by the desire to 
make the structure compatible with existing build-
ing codes (for example because of seismic retrofit-
ting) or may be desired due to changes in use of 
the structure.

Flexural strengthening of concrete members 
such as beams, slabs, walls, and columns has been 
the most popular usage of FRP where the flexu-
ral capacity has not been sufficient. Few decades 
ago, steel plates have been used to enhance flexu-
ral strength of RC structures by externally bond-
ing such heavy plates to the tension zone of RC 
structures. During the last three decades, externally 
bonded Fiber Reinforced Polymer (FRP) compos-
ite systems have been accepted by civil engineers 
and were considered as efficient substitutes for the 
steel plates rehabilitation option due to their vari-
ous advantages such as lower weight and ease of 
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of about 23% for retrofitting in shear and between 
7% and 33% for retrofitting in flexure. Moreover, 
retrofitting have shifted the mode of failure to be 
brittle (Taleb Obaidat, et al., 2010).

However the flexural capacity of RC beams will 
be improved after installing FRP laminate, ductility 
of these members will be decreased. This despite the 
fact that ductility of a structural system, its com-
ponents, and the constituent materials has always 
had special importance in the design of structures 
especially against earthquake. It is now well estab-
lished that externally bonded  Fiber-Reinforced 
Polymer (FRP) composites which are bonded to 
concrete structures for strengthening and repair 
works can prematurely deboned in generally a brit-
tle manner (Bank, 2006). Al-Saidy found that the 
ultimate deflection of RC beams after strengthen-
ing by CFRP sheets have been decreased to a level 
below the control beam and the use of transverse 
straps (U-shaped CFPR sheet) anchored the flexu-
ral CFRP sheet and prevented any delamination 
at concentrated loads. The U-shaped straps have 
been more effective in beams with higher rate of 
corrosion (Al-Saidy, et al., 2010). The result of 
four-point bending tests on slabs, determined by 
attaching two layers of FRP sheet under that, 
ductility have been decreased in comparison with 
using only one layer of FRP (Pela, et al., 2011). 
Oehlers showed in his research, plated beam had 
a shorter softening plateau due to the combined 
effect of concrete crushing and plate debonding, 
whereas the unplated RC beam had a long ductile 
plateau as the steel bar was able to strain harden 
considerably, while the concrete was softening 
(Oehlers, et al., 2008).

In this paper, a finite element model was carried 
out to find out the effect of ductility on the flexural 
capacity enhancement of RC beams after attach-
ing CFRP.

2 MATERIAL PROPERTIES

2.1 Concrete elements

Concrete elements have been defined as a solid 
element. In concrete, cracking model has been 
used to define properties after yielding steel bars. 
Before yielding bars, concrete’s behavior was 
simply isotropic. It means before plastic limit, 
slope of stress/strain curve in both tension and 
compression was changed linearly. Poison’s ratio, 
density of the concrete, modulus of elasticity, com-
pressive strength and tension strength of concrete 
are summarized in Table 1.

After occurring damage in both tension and 
compression, Concrete Damage Plasticity (CDP) 
model has been developed. In this model, after 
yielding bars, if  force is removed, the residual 

 plastic strain is found by a rebound function of 
the modulus of elasticity. This rebound function 
is modified by damage parameters of CDP model. 
Additionally, microstructure of concrete must be 
identified in FE model. So the parameters, dilation 
angle Ψ, flow potential eccentricity m, initial biax-
ial/uniaxial ratio σc0/σb0, the ratio of the second 
stress invariant on the tensile meridian kc and vis-
cosity parameter μ should be defined. The values 
of these parameters are shown in Table 2.

2.2 Rebar elements

Beam element has been used to define rebar 
within the concrete. The node of rebar elements 
was embedded and constrained within the nodes 
of the concrete elements. General metal elasticity 
parameters within elastic strain below the yield 
stress, were defined as a rebar property. Modulus 
of elasticity Es, yield stress fys and ultimate stress fus 
are the most important parameters for rebar prop-
erties (summarized in Table 3). Metal elasticity 
was defined as a stress/plastic-strain relationship, 
where the initial value for stress corresponds to the 
maximum stress in which plastic strain is zero.

2.3 FRP elements

Generally the FRP composite are anisotropic 
materials, it means the properties are different in 
all directions. In this study the main direction was 
x direction and the properties in y direction were 
the same as in those in the z direction, so it was 
assumed that FRP is the orthotropic material. 
Additionally, linear elastic properties were defined 
for FRP laminates. In finite element model, shell 
element was used to model FRP laminates.

Table 1. Concrete properties.

ν ρ (kg/m3) Ec (MPa) fc (MPa) fr (MPa)

0.2 2400 34300 43.5 3.13

Table 2. General concrete damaged plasticity 
parameters.

Ψ m σc0/σb0 kc μ

31 0.1 1.16 0.67 0

Table 3. Rebar properties.

Es (MPa) fys (MPa) fus (MPa)

200000 415 620
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Table 4. Material properties for FRP composite.

FRP type

Elastic 
modulus 
(MPa)

Poison’s 
ratio

Shear 
modulus 
(MPa)

Ultimate strength (MPa)

Shear Compressive Tensile

CFRP (carbon/
epoxy)

E1 144700 v12 0.3 G12 5200 S12 77 C1 1200 T1 1500
E2   9650 v13 0.3 G13 5200 S13 77 C2  250 T2   50
E3   9650 v23 0.45 G23 3400 S23 38 C3  250 T3   50

Figure 1. Beams cross section (a) Group B (b) Group A.

Figure 2. Beam span and loading test.

FRP type, elastic modulus, tensile strength and 
compressive strength of the FRP composite in 
three directions, shear modulus and shear strength 
of the FRP composite for three planes and major 
Poisson’s ratio are the necessary data for FRP 
modelling. The properties of FRP are summarized 
Table 4. In Table 4, direction 1 is the same as the 
fiber direction (main direction) while the 2 and 3 
directions are perpendicular to the 1. Thickness of 
each layer of CFRP has been assumed 1 mm.

3 BEAM TEST

3.1 The geometry of the beams

In this study two types of RC beam were analysed 
by FE modelling. The dimensions of the full-size 

beams have been similar in the both of the beams 
(305 mm*552 mm*6840 mm), but the area of lon-
gitudinal flexural rebar has been dissimilar in these 
two types of the beam. Total area of the flexural 
rebar in beam A and B, is 2826 mm2 and 981 mm2, 
respectively. The span between the two supports was 
6400 mm. Cross section of types A and B beam are 
shown in Figure 1, also Figure 2 shows spanning 
the length and loading procedure of the beams.

3.2 Beam strengthening

The soffit of two types of the beam was strengthened 
with CFRP laminates, 305 mm wide 6840 mm lengths 
and different thickness. Four groups were defined 
in each type. Series A were included control beam 
(without strengthening) and  strengthening by 1 mm, 
2 mm and 3 mm of CFRP. In series B, in  addition 
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of control beam, strengthening was done with 
0.5 mm, 1 mm and 2 mm of CFRP. As mentioned 
before, the thickness of each layer has been 1 mm.

3.3 Loading test

A simple single point beam load test, was chosen 
for this research (Fig. 2). Beams were loaded at 
40 MPa increments to a point near ultimate, then 
subsequently were loaded at 20 MPa increments 
until failure. Beams were supported and loaded on 
plate rollers allowing for free rotation. A 2.5 cm 
thick steel plate, modelled, was added at the sup-
port location in order to avoid stress concentration 
problems. This provided a more even stress distri-
bution over the support area. Moreover, a single 
line support was placed under the centerline of the 
steel plate to allow rotation of the plate.

4 RESULT AND DISCUSSION

4.1 Group A beams

As it was mentioned in previous sections, the 
beams in series A consisted of control beam and 
strengthened beams by 1, 2, 3 layers of CFRP. 
It should be noted that because the total area of 
the flexural rebar in control beam A was more 
than type B, series A beams were less ductile than 
type B. Figure 3 illustrates the differences in load-
 deflection behavior of the four beams in series A. 
The ultimate flexural load (Pu) of control beam 
and strengthened beams by 1, 2 and 3 layers of 

CFRP had been 399.1 (KN), 434.8 (KN), 456.5 
(KN) and 473.5 (KN), respectively. So strengthen-
ing by 1 mm, 2 mm and 3 mm CFRP have higher 
load carrying capacities than the control beam 
by 8.5%, 13.4%, and 17%, respectively. It means 
the flexural capacity of the strengthened beams 
increases with the increase of CFRP layer num-
bers. In addition, the first cracking load (Pc) and 
steel yielding load (Py) of the beams are increased 
by increasing the layer number. The values of Pu, 
Py and Pc and their corresponding displacement 
are summarized in Table 5.

The behavior of the control beam shows, after 
yielding of steel bars, concrete crushing was occur-
ring. By strengthening of the beam, the failure 
behavior of the beams was not changed, it means 
before that CFRP was ruptured, compressive stress 
damaged concrete. Maximum stress, tension in 
CFRP laminate has been 489 (MPa), 446 (MPa) 
and 437 (MPa) for 1, 2 and 3 layers strengthened 
beams, respectively, when crushing was occurring, 
so the whole capacity of the CFRP was not used. 
This behavior is because of the total area of flexu-
ral bars, these beams were stronger in tension than 
compression because of existing more flexural bars.

By reducing the area of the flexural steel bars, 
the beams becomes weaker in tension, so the role 
of CFRP will be bolder than the past (in series B 
beams).

4.2 Group B beams

To understand more about the effect of CFRP in 
strengthening of the beam, group B beams was 

Figure 3. Comparison between load–deflection curves for type A beams.

ICCRRR15_Fullpaper_Book.indb   524ICCRRR15_Fullpaper_Book.indb   524 8/27/2015   9:14:42 AM8/27/2015   9:14:42 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-74&iName=master.img-002.jpg&w=368&h=201


525

Table 5. Result of FE modeling for beams in type A.

Beams
Pc* 
(KN)

Py** 
(KN)

Pu*** 
(KN)

Dc* 
(mm)

Dy** 
(mm)

Du*** 
(mm) Failure monitoring

Control beam 62.4 384 399.1 2.32 36.01 60.5 First steel yielding then 
concrete crushing

1 mm-CFRP 69.26 422 434.8 2.57 36.6 43.12 First steel yielding then 
concrete crushing

2 mm-CFRP 71.1 453.8 456.5 2.45 40.7 42.83 First steel yielding then 
concrete crushing

3 mm-CFRP 79.9 473.5 473.5 2.91 42.64 42.64 First steel yielding then 
concrete crushing

*Pc and Dc are corresponding to load and displacement which concrete start cracking.
**Py and Dy are corresponding to load and displacement which bars start yielding.
***Pu and Du are corresponding to load and displacement in failure.

Figure 4. Comparison between load–deflection curves for type B beams.

introduced and analysed. By reducing the area of 
flexural steel bars from 2826 mm2 (in group A) to 
981 mm2 (in group B) the contribution of lami-
nates will be highlighted. Figure 4 illustrates the 
differences in load-deflection behaviour of the four 
beams in series B. The ultimate flexural load (Pu) 
of control beam and strengthened beams by 0.5, 1 
and 2 layers of CFRP had been 254.3 (KN), 333.4 
(KN), 363 (KN) and 406.9 (KN), respectively. It 
shows strengthening by 0.5 mm, 1 mm and 2 mm 
CFRP have had a higher load carrying capaci-
ties than the control beam by 26.9%, 35.2%, and 
46.1%, respectively. The values of ultimate flexu-
ral load Pu, steel yielding load Py, first cracking 
load Pc and their corresponding displacements are 
summarized in Table 6.

The failure behavior of the control beam in group B 
is similar to control beam in group A. Table 6 shows, 
after yielding of steel bars, concrete crushing was 
occurring. The failure mode of the beam has been 
changed by attaching 0.5 mm CFRP. In this beam, 
after yielding of steel bars, stress in CFRP sheet has 
been reached to the ultimate value and CFRP rup-
ture was occurred before concrete crushing. But by 
using more layers of CFRP (1 mm and 2 mm) the 
failure mode was changed to crushing concrete after 
steel bar yielding. Maximum stress, tension in CFRP 
laminate was 1086 (MPa) and 781 (MPa) for 1 mm 
and 2 mm CFRP, respectively. So it was concluded 
that the strengthening of group B beams by 0.5 mm 
CFRP was the most beneficial state in comparison 
to other strengthened beams in this study.
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4.3 Comparison between group A and B

Result of FE modelling for group A beams (Table 5) 
shows, according to the equation (1), the ductility 
of control beam in this series is 1.68. By attaching 
CFRP laminate, ductility will be reduced to 1.17, 
1.05 and 1 for 1 mm, 2 mm and 3 mm thickness of 
CFRP. Additionally enhancement of load carrying 
capacities for 1 mm, 2 mm and 3 mm CFRP had 
been 8.5%, 13.4%, and 17%, respectively, accord-
ing to pervious sections.

In the other hand, according to Table 6 the duc-
tility of the control beam in group B was 2.69 and 
strengthening by 0.5 mm, 1 mm and 2 mm CFRP 
reduced ductility to 2.57, 2.22 and 1.93, respec-
tively. Moreover the increasing of flexural capaci-
ties had been 26.9%, 35.2%, and 46.1% for 0.5 mm, 
1 mm and 2 mm CFRP, respectively. By compar-
ing these two types of the beams, it was concluded 
that flexural capacity enhancement of RC beams 
in group B is more than RC beams in group A, it’s 
because of the ductility of control beam. In type 
B, control beam was more ductile than type A, so 
the role of CFRP in strengthening will be bolder 
on series B beams.

μ = Δu/Δy (1)

where μ = ductility; Δu = ultimate displacement 
and; Δy = yielding displacement.

5 CONCLUSION

The paper investigated the flexural behaviour of 
RC beams which had differente ductility and ret-
rofitted with CFRP. The following conclusions are 
drawn from this numerical study:

1. By strengthening of RC beam in group A, the 
flexural capacities have been increased 8.5%, 
13.4%, and 17%, and ductility decreased 35.7%, 

46.1% and 50.7% respectively, for 1 mm, 2 mm 
and 3 mm CFRP thickness. In addition, by 
attaching CFRP sheets, the yielding of steel 
bars was postponed in comparison to control 
beam.

2. In type B, the total area of flexural steel bars 
was 55% decreased. A similar process was seen 
in group B beams. So the enhancement of flexu-
ral capacity was 26.9%, 35.2%, and 46.1% and 
ductility reduction was 4.5%, 19.1% and 32.9% 
for 0.5 mm, 1 mm and 2 mm CFRP strengthen-
ing, respectively.

3. By comparison, between series A and B, it was 
found that the effect of CFRP in increasing of 
flexural capacities, was higher in a more ductile 
beams. On the other hand by reduction of duc-
tility the effect of CFRP becomes lower.

REFERENCES

[1]  Bank, C. 2006. Composites for construction. New 
 Jersey: John Wiley & Sons, Inc.

[2]  Kachlakev, D. and Miller, T. 2001. Finite element 
modeling of reinforced concrete structures strength-
ened with FRP laminates. Oregon Department of 
Transportation Research Group. Washington, DC.

[3]  Taleb Obaidat, Y., Heyden, S., Dahlblom, O., Abu-
Farsakh, G. and Abdel-Jawad, Y. 2010. Retrofitting 
of reinforced concrete beams using composite lami-
nates. Construction and Building Materials, vol. 25, 
pp. 591–597.

[4]  Pela, L., Aprile, A. and Benedetti, A. 2011.  Experimental 
study of retrofit solutions for damaged concrete bridge 
slabs. Composites: Part B, vol. 43, pp. 2471–2479.

[5]  Oehlers, D., Griffith, M. and Mohamed Ali, M. 2008. 
Ductility components and limits of FRP-plated RC 
structures. Construction and Building Materials, 
vol. 23, pp. 1538–1543.

[6]  Al-Saidy, A., Al-Harthy, A., Al-Jabri, K., Abdul-
Halim, M. and Al-Shidi, N. 2010. Structural perform-
ance of corroded RC beams repaired with CFRP 
sheets. Composite Structures, vol. 92, pp. 1931–1938.

Table 6 Result of Fe modelling for beams in type B.

Beams
Pc* 
(KN)

Py** 
(KN)

Pu*** 
(KN)

Dc* 
(mm)

Dy** 
(mm)

Du*** 
(mm) Failure monitoring

Control beam 43.6 247 254.3 1.55 28.88 77.94 First steel yielding then 
concrete crushing

0.5 mm-CFRP 52.6 270 333.4 1.93 28.2 72.49 First steel yielding then 
then CFRP rupture

1 mm-CFRP 55.8 287.1 363 2.03 29.15 64.89 First steel yielding then 
concrete crushing

2 mm-CFRP 62.9 319.18 406.9 2.31 29.93 58.02 First steel yielding then 
concrete crushing

*Pc and Dc are corresponding to load and displacement which concrete start cracking.
**Py and Dy are corresponding to load and displacement which bars start yielding.
***Pu and Du are corresponding to load and displacement in failure.
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externally reinforced with TRC and CFRP
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ABSTRACT: Textile Reinforced Cements (TRC) are emerging as an external reinforcing material for 
concrete structures. Especially the high fibre volume fraction TRCs are investigated by researchers as an 
alternative for the already established Carbon Fibre Reinforced Polymer (CFRP) strips due to their high 
mechanical performances, their advantages related to fire safety and their relatively low cost. The applica-
tion of an external bending reinforcement on a reinforced concrete beam will considerably influence the 
cracking behaviour of this beam, with potential benefits for the concerning serviceability limit state. An 
extensive experimental study of this influence and the difference between the different reinforcing materi-
als (CFRP and TRC) is performed in this paper. To measure the crack pattern and its evolution, this paper 
presents the use of the Digital Image Correlation (DIC) technique. Based on these DIC measurements 
the bending cracking behaviour of reinforced concrete beams with spans of 0.6 and 2.3 meters is studied. 
For the small scale beams, the paper shows that the TRC-reinforced beams exhibit a similar crack pattern 
and evolution to the CFRP-reinforced beams, while for the larger scale beams the TRC-reinforced alterna-
tive exhibits a more favourable cracking behaviour. The effectiveness of the DIC measuring technique to 
monitor the cracking behaviour of externally reinforced concrete beams is hereby also demonstrated.

needed to meet the same loadbearing performance 
as the CFRP solution. For manufacturing rea-
sons most of these studies use an open grid textile 
structure, resulting in a typical fibre volume frac-
tion of 5%. Increasing this fibre volume fraction 
would result in an increased loadbearing capacity. 
In order to achieve this higher fibre volume frac-
tion, we impregnate dense fibre textiles with a fine 
grained cementitious matrix, resulting in a fibre 
volume fraction of about 20%. Previous studies on 
the same high fibre volume fraction TRC already 
demonstrated the possibilities of this composite 
material as an external reinforcement (Verbruggen 
et al. 2012, 2013, 2014).

Still, comparison of the material tensile stress-
strain behaviour shows that even with these high 
fibre volume fractions we are not able to even 
approach the tensile capacities of CFRP (Fig. 1).

This discrepancy in ultimate stress between both 
reinforcing materials results in a considerably larger 
TRC cross-section, needed to achieve a similar 
ultimate limit state capacity of the externally rein-
forced beam. This aspect might indicate that apart 
from the previous advantages like the fire safety, 
the main benefit of the (high fibre volume fraction) 
TRC external reinforcement should be found in 
cases where a serviceability limit state is dominant.

Therefore this paper investigates the influence 
of external TRC bending reinforcement on the 

1 INTRODUCTION

In the past decades, the interest in externally 
reinforcing concrete structures has significantly 
increased resulting in uses like stay-in-place form-
work or strengthening and repair applications. This 
interest is translated in a vast amount of research 
(CEB 2006, Alexander et al. 2012, Guadagnini), 
as well as in a large number of practical applica-
tions (ECC, Sika). Composites, e.g. carbon fibres 
imbedded in an epoxy matrix (CFRP—Carbon 
Fibre Reinforced Polymers) are mostly used as a 
reinforcing material. External reinforcement is 
actually one of the few applications where com-
posites have truly known a breakthrough in civil 
engineering (Bank 2006).

Despite the established value of the CFRP 
material, other composites are emerging as rein-
forcing materials, like the Textile Reinforced 
Cement/ concrete (TRC) composites, mainly 
because of their advantages related to fire safety 
and their reduced cost. Even though papers inves-
tigating the use of TRC as an external strengthen-
ing or repair material in shear (Triantafillou et al. 
2006, Brückner et al. 2006, Blanksvärd et al. 2009, 
Contamine et al. 2011, 2013) as well as in bend-
ing (Taljsten 2007, Bisby 2009, Ombres 2011, 2012, 
D’ambrisi 2011) show promising results, most 
of them admit that additional developments are 
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cracking behaviour, and thus the concerning serv-
iceability limit state in steel-reinforced concrete 
beams. The study is based on bending tests, moni-
tored with Digital Image Correlation (DIC) to fol-
low the crack pattern evolution.

2 EXPERIMENTAL PROGRAM

2.1 Specimen types and test set-up

In order to study the cracking behaviour in bend-
ing, externally reinforced beams are tested under 
four point bending with third point loading. Two 
different beam scales are investigated: small scale 
beams with a span of  0.6 m (indicated in grey in 
Fig. 2) and larger scale beams with a span of  2.3 m 
(indicated in black in Fig. 2). For each geometry 
both a TRC and CFRP externally reinforced alter-
native, together with a reference non-externally 
reinforced beam are tested. For the larger scale 
beams only one specimen per type is produced, 
for the smaller scale beams three reference speci-
mens and four of  each external reinforcement type 
are investigated. Only one representative beam 
of each type will be presented in an attempt to 
preserve an overview and considering the great 
similarity in the experimental results (Verbruggen 
2014). The beam geometry and the specification 
of  the internal reinforcement are summarized in 
Figure 2.

The global loadbearing behaviour, visualized in 
the load-deflection curves, is obtained out of load 
measurements by the testing bench and displace-
ment measurements with a Linear Variable Differ-
ential Transformer (LVDT).

Both TRC and CFRP external reinforcement 
are glued onto the concrete using a two- component 
epoxy glue (PC 5800/BL produced by ECC (ECC 
2009)). A pretreatment of the concrete surface, 
prior to placing the external reinforcement, is 

 performed in order to remove the laitance layer, 
such that the aggregates are exposed.

2.2 Materials

2.2.1 Concrete
The concrete material characteristics of both beam 
geometries are described in Table 1. These mate-
rial characteristics are experimentally determined 
at the age of testing of the beams. The compres-
sive strength (Table 1) is the cylindrical strength 
calculated from tests performed on cubic shaped 
specimens. The young modulus can be calculated 
from the compressive strength. All calculations are 
based on (CEN 2004, BIN 1973).

2.2.2 Steel reinforcement
The traditional steel reinforcement consists of 
ribbed bars made of S500 steel, of which the 
material characteristics were not experimentally 
derived, so the standard values of 500 MPa for the 
yield stress and 200 GPa for the young modulus 
are assumed.

2.2.3 TRC
The TRC matrix material used in this study is 
Inorganic Phosphate Cement (IPC) (European 
Patent Office 2000) (commercially available under 
the name Vubonite (www.vubonite.com)). This 
cementitious material is developed at the Vrije 
Universiteit Brussel (VUB) and can be combined 
with standard E-glass fibres due to its neutral pH 
after hardening. IPC consists of a combination of 
wollastonite powder with a phosphoric acid liquid, 
in mass proportions of 82/100. This combination 
hardens at room temperature and becomes a strong, 
durable, heat resisting and fire-safe material. Using 
the hand layup production technique the IPC 
matrix is reinforced with 8 (0.6-m-span beams) or 
16 (2.3-m-span beams) randomly in-plane oriented 
fibre textiles, being chopped strand mats Vetrotex 
M5, with a surface density of 300 g/m2. This results 
in a thickness of about 4 mm (0.6 m span beams) 

Figure 1. A significant difference in tensile strength is 
obtained between CFRP and TRC.

Figure 2. Two different beam geometries are tested.

ICCRRR15_Fullpaper_Book.indb   528ICCRRR15_Fullpaper_Book.indb   528 8/27/2015   9:14:45 AM8/27/2015   9:14:45 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-75&iName=master.img-000.jpg&w=189&h=125
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-75&iName=master.img-001.jpg&w=189&h=115


529

or 8 mm (2.3 m span beams) and a fibre volume 
fraction of 21.0%. The non-linear tensile stress-
strain behaviour of IPC TRC is illustrated in the 
top left corner of Figure 1. Table 2 summarises the 
material characteristics of the IPC TRC based on 
ten tensile tests.

For all beam geometries the IPC TRC is applied 
over the full width and length of the bottom 
surface.

2.2.4 CFRP
For the CFRP a constant thickness of 1.2 mm, a 
tensile strength of 2210 MPa and a Young modu-
lus of 143 GPa were obtained.

A 63 mm and a 30 mm wide strip is applied in 
the middle of the beam width for the 0.6 m and 
2.3 m span beams respectively.

3 DIGITAL IMAGE CORRELATION

Digital Image Correlation (DIC) is an optical, 
non-contacting measuring technique, enabling 
the possibility to determine the displacement- and 
deformation field of the specimen’s surface under 
any type of loading condition. Prior to testing a 
speckle pattern of black spots on a white back-
ground is applied on the specimen’s surface. Out 
of grey scale pictures taken during testing by two 
charge-coupled device cameras of this speckle pat-
tern, a 3D image can be created. The measurements 
are based on the comparison of a reference image, 
generally in the unloaded stage, with the images 
taken at the different load steps. The comparison 
is done by searching for the same group of neigh-
bouring pixels (called a subset) in both the refer-
ence and the loaded images. This comparison 
results in the displacement, represented in the 
centre of the subset. By moving the centre point 
of this subset over the whole image, in steps of a 
certain amount of pixels (called the step size), the 
full displacement field can be calculated. Out of a 

square grid of displacement points (called a strain 
window), the strain can be derived and represented 
in the centre of the strain window. Again by repeti-
tion the whole strain field can be obtained. (Sutton 
et al. 2009)

The DIC technique is a valuable and promis-
ing tool to identify and monitor the crack pat-
tern of concrete beams with externally bonded 
reinforcement. This can be done in a quantitative 
and qualitative way as cracks cause a discontinu-
ity in the displacement and strain fields, which are 
both measured or calculated by DIC. Many recent 
studies apply a similar image processing technique 
to monitor concrete structures (Ferrier et al. 2003, 
Avril et al. 2004, Contamine et al. 2013, Tsangouri 
et al. 2013).

To monitor the crack pattern, two DIC systems 
are applied. One pair of DIC cameras (DIC 1 
in Fig. 3) follows the side edge of the beam and 
another pair of cameras (DIC 2 in Fig. 3) the bot-
tom edge. Both systems are set up in such a way 
that the entire or the central area of the constant 
bending moment zone (0.2 m for the 0.6 m span 
beams and 0.4 m for the 2.3 m span beams) can be 
measured. The analysis is done using the VIC3D-
2009 software package from Correlated Solutions 
where a subset size of 31 (0.6 m span beams) or 
21 (2.3 m span beams) pixels, a step size of 5 pix-
els and strain window size of 11 are used. Figure 3 
illustrates the full test set-up and measuring equip-
ment for the 2.3 m span beams.

4 RESULTS AND DISCUSSION

4.1 0.6 m span beams

The experimental results and their discussion are 
based on the load-deflection and failure behaviour, 
after which the cracking behaviour obtained with 
DIC measurements is introduced.

Table 1. Concrete material properties.

0.6 m span 2.3 m span

Compressive strength 33.9 MPa 35.0 MPa
Young modulus 33.8 GPa 34.0 GPa
Modulus of rupture 4.8 MPa 5.3 MPa

Table 2. IPC TRC material properties.

Tensile strength 58.4 MPa
Ultimate strain 1.2%
Young modulus stage I 12.5 GPa
Young modulus stage III 4.8 GPa Figure 3. Two DIC systems are used to monitor the 

cracking behaviour of the beams.
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4.1.1 Load-deflection behaviour
The load-deflection behaviour of a reference, an 
IPC TRC and a CFRP reinforced smaller scale 
beam is compared in Figure 4. Just as in previous 
studies using IPC TRC external reinforcement, the 
initial high stiffness of both externally reinforced 
beams is retained 60% longer (15 kN) than the 
one of reference beam (9 kN) (Verbruggen et al. 
2012, 2013, 2014). Due to the presence of a greater 
total amount of reinforcement, the post-cracking 
stiffness of the strengthened beams is higher than 
the one of the non-externally-reinforced reference 
beam. The load increase of respectively 47.6% and 
59.8% as a consequence of the presence of external 
IPC TRC and CFRP reinforcement indicates the 
effectiveness of the external reinforcing technique.

The reference beam fails by steel yielding and 
concrete crushing at a load of 49.0 kN. Both the 
IPC TRC and CFRP-reinforced beams fail by steel 
yielding and concrete crushing, closely followed or 
preceded by debonding at flexural or mixed flexural 
and shear cracks (IPC TRC: 72.3 kN and CFRP: 
78.3 kN). Both failure mechanisms clearly develop 
simultaneously during loading. The pictures of 
the failed specimens and the DIC results (Fig. 5) 
indicate the debonding at flexural cracks by the dif-
ference in vertical displacement between the exter-
nal reinforcement and the concrete substrate. The 
experimental failure modes and ultimate loads are 
quite comparable for both reinforcing materials, 
enabling a further comparison of both beam types.

4.1.2 Cracking behaviour
The cracking behaviour of the beams is studied 
based on the DIC measurements of the side and 
bottom surfaces in the zone of constant moment.

Figure 6 shows the relative horizontal displace-
ment versus the horizontal position on the beam for 
different load steps at a height of typically 2 mm in 
the concrete. The vertical discontinuities indicate 

a sudden increase in horizontal displacement, and 
thus a crack in the concrete. The graph of the refer-
ence non-externally-reinforced beam is cut off  at a 
displacement of 2 mm to keep a comparable over-
view with the externally reinforced beams. Its total 
horizontal displacement at the maximum load of 
49.0 kN equals 4.1 mm. An overview of the plotted 
cracks and their numbering is given in the top left 
corner of each graph. This overview corresponds 
to the apparent strain field of the beam at its maxi-
mum load. Here a crack is defined as a difference in 
horizontal displacement larger than 0.02 mm at the 
maximum load over a horizontal interval of 5 mm, 
which is not adjacent to another crack interval.

Adding external reinforcement to an internally-
reinforced concrete beam increases the number 
of cracks, but this number is similar for the IPC 
TRC and CFRP reinforcing material: the refer-
ence beam shows four cracks, the CFRP and IPC 
TRC reinforced beams seven. Additionally, at a 
comparable load step the total horizontal displace-
ment (and thus crack width) is much higher for the 
reference beam compared to the externally rein-
forced alternatives (e.g. at 40 kN the total displace-
ment is 1.06 mm for the reference beam, 0.47 mm 
for the IPC TRC and 0.48 mm for the CFRP 

Figure 4. Both externally reinforced beams retain the 
initial stiffness longer and reach a higher ultimate load 
compared to the reference beam.

Figure 5. Both externally reinforced beams fail by steel 
yielding and concrete crushing, closely followed or pre-
ceded by debonding at flexural or mixed flexural and 
shear cracks.
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reinforced beam). Both above findings result in a 
lower crack width for each individual crack for the 
externally reinforced beam. This can reduce mois-
ture penetration and thus favourably influence the 
durability of the passive reinforcement, regardless 
the type of external reinforcement.

The evolution of the crack widths with increas-
ing load illustrates the influence of an external 
reinforcement patch on the initiation and growth 
of the cracks (Fig. 7). All cracks present in the 
beams are represented and indicated with the same 
numbering as in Figure 6. The individual crack 
width evolution again indicates that the presence 
of an external reinforcement results in a significant 
smaller crack opening (maximum 1.5 mm for the 
reference beam compared to 0.2 mm for the CFRP 
en 0.4 mm for the IPC TRC reinforced beams).

To clarify the onset of the crack development, 
the lower right corner shows a zoom of this curve 
for loads from 0 kN to 30 kN and crack widths 

from 0 mm to 0.05 mm. All beam types exhibit 
already at least one crack at a load of about 7 kN, 
even when the initial high stiffness does not reduce 
until a higher load (15 kN) is applied (Fig. 4). For 
both externally reinforced beam types the crack 
nucleation is a gradual process, where most of the 
cracks start to form between 7 kN and 26 kN and 
one or two cracks even at a higher load, while for 
the reference beam all cracks nucleate between 
6 kN and 16 kN with a sudden increase in crack 
width for a constant load. The simultaneous crack 
nucleation together with the moderate crack width 
increase for the externally reinforced beams results 
in the retained high uncracked stiffness. This con-
firms the conclusions for non-internally-reinforced 
beams drawn in (Verbruggen et al. 2012, 2013, 
Verbruggen 2014).

The retention of initial high stiffness is the conse-
quence of the smaller crack widths due to the crack 
bridging capacity of the external reinforcement. 

Figure 6. External reinforcement on a RC beam increases 
the number of cracks and reduces the crack width.

Figure 7. Despite the retention of initial high stiffness, 
the cracks in an externally reinforced RC beam nucleate 
at the same load as those in the reference RC beam.
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This crack bridging is indicated in Figure 8 for 
the IPC TRC reinforced beam, where he horizon-
tal displacements in the zone of constant moment 
measured in the concrete (at the side of the 
beam—black curve), and measured in the exter-
nal reinforcement (at the bottom of the beam—
grey curve), are compared (at the maximum load 
of 72.5 kN). The vertical discontinuities (cracks) 
in the curve of the concrete are not present in the 
curve of the external reinforcement, even though 
both curves exhibit a comparable slope.

Figure 9 compares the evolution of the average 
crack width of all cracks present in the zone of 
constant moment in the concrete beams with an 
increasing load. Both externally reinforced beams 
exhibit a clearly smaller average crack width com-
pared to their reference specimen. Up to a load of 
around 65 kN the average crack width of the IPC 
TRC reinforced beam is slightly lower than the one 
of the CFRP reinforced alternative. At a load of 
about 60 kN the individual (Fig. 7) as well as the 

total crack width (Fig. 6) increases for the beam 
externally reinforced with IPC TRC. The latter is 
probably due to the debonding between the IPC 
TRC and the concrete substrate at flexural cracks, 
which clearly develops around a load of 60 kN, as 
indicated in Figure 5.

4.2 2.3 m span beams

To exclude possible scale effects related to the small 
scale specimens, similar experiments are performed 
on a limited number of larger scale beams.

4.2.1 Load-deflection behaviour
Figure 10 represents the load-deflection behav-
iour of the 2.3 m span beams, where the externally 
CFRP and IPC TRC-reinforced beams, reach a 
comparable ultimate load of 192 kN and 209 kN 
respectively, compared to 152 kN for the reference 
beam. Even though the IPC TRC reinforcement 
results in a retention of the initial high stiffness 
compared to the reference non-strengthened speci-
men (50 kN versus 35 kN—increase of 43%), the 
CFRP alternative loses its high stiffness at the same 
load as the reference beam. This could be due to 
the fact that the amount and the contact width of 
the CFRP (30 mm) is to small compared to the 
width of the concrete substrate (200 mm).

Figure 11 indicates the different failure modes 
occurring during testing in the IPC TRC rein-
forced beam: steel yielding and concrete crushing, 
debonding at flexural cracks and debonding at the 
end anchorage. The debonding at flexural cracks 
is indicated by the difference in vertical displace-
ment between the external reinforcement and the 
concrete substrate, which already starts around 
80kN, but suddenly increases at 165 kN. For the 
CFRP-reinforced beam on the other hand, failure 
is only determined by debonding at flexural cracks. 

Figure 8. Even though the overall slope of the horizon-
tal displacement versus position curves is comparable, 
the discontinuities (cracks) in the curve of the concrete 
are not present in the one of the external reinforcement.

Figure 9. The average crack width of the externally 
reinforced beams is significantly smaller than the one of 
the reference beam.

Figure 10. The IPC TRC reinforcement results in a 
retention of the initial high stiffness compared to the ref-
erence non-strengthened specimen and the CFRP alter-
native (50 kN versus 35 kN—increase of 43%).
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The different failure modes between both exter-
nally reinforced beams may be explained by the 
larger contact area between the IPC TRC rein-
forcement and the concrete substrate, which not 
only avoids peeling-off, but also precludes better 
the crack extension and opening.

4.2.2 Cracking behaviour
Similarly to Figure 6, Figure 12 plots the horizontal 
displacement over the length of the beam together 
with an overview of the cracks. Due to a to large 
displacement of the reference beam the pictures of 
the last load steps (from 140 kN onward) cannot 
be correlated correctly and so no reliable results 
can be retrieved. Adding external reinforcement 
to a RC beam increases the number of cracks: 
two for the reference beam, three for the CFRP-
reinforced beam and seven for the IPC TRC coun-
terpart.  Contrarily to the very similar cracking 
behaviour of the IPC TRC and CFRP- reinforced 
0.6 m span beams, where the same number of 
cracks is obtained, the larger scale IPC TRC-
 reinforced beam has more than double the amount 
of cracks with a comparable total displacement as 

the CFRP-reinforced alternative. The combination 
of a larger amount of cracks with a comparable 
total displacement results in a lower crack width 
for each individual crack. This difference with the 
smaller scale beams is probably due to the larger 
discrepancy in contact area between the external 
reinforcement and the concrete substrate (small 
scale: 100 × 600 mm2 versus 63 × 600 mm2; medium 
scale: 200 × 2300 mm2 versus 30 × 2300 mm2).

Figure 13 represents the individual crack 
width evolutions for all cracks identified by the 

Figure 11. The IPC TRC reinforced beam exhibits sev-
eral failure modes, while the CFRP reinforced alternative 
fails by debonding.

Figure 12. Contrarily to the smaller scale beams, the 
IPC TRC reinforced beam exhibits more cracks com-
pared to the CFRP alternative.
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discontinuities in de horizontal displacements 
(Fig. 12), with a zoom on the onset of  the crack 
development in the lower right corner (similar 
to Fig. 7 for the smaller scale beams). At lower 
load steps (up to 165 kN—start of  the clear 
debonding of the IPC TRC (Fig. 10)) the indi-
vidual crack widths of the IPC TRC-reinforced 
beam are significantly lower than the ones of  the 
CFRP-reinforced counterpart, confirming the 
observations from Figure 10. Also does the IPC 
TRC- reinforced beam exhibit a more gradual and 

slow crack opening development, whereas the 
CFRP-reinforced beam even exhibits a sudden 
increase in crack width for a constant load. These 
differences between both reinforcing materials are 
probably due to the more efficient crack bridg-
ing with a larger contact width between the rein-
forcement and the concrete substrate. This might 
expose an advantage of IPC TRC over CFRP, as a 
larger cross-sectional area and thus contact width 
with the concrete is needed to meet the same load-
bearing capacity as a CFRP-reinforced beam due 
to the lower strength of the IPC TRC.

5 CONCLUSIONS

Compared to CFRP strips and depending on 
the set-up and the failure modes, IPC TRC as a 
reinforcing material can offer several advantages 
related to the cracking and damage behaviour of a 
concrete beam. These advantages originate mainly 
from the lower strength and stiffness of the IPC 
TRC, which leads to a larger cross section (and 
thus contact width) than the one necessary with 
CFRP to meet a similar ultimate load.

The DIC measuring technique proved a valu-
able tool to measure the cracking behaviour of 
externally reinforced concrete beams. This is the 
consequence of the broad spectrum of possible 
quantitative and qualitative results, obtained by 
performing these DIC measurements on the side 
and the bottom surfaces of the specimens.
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Intelligent, multifunctional textile reinforced concrete interlayer 
for bridges

C. Driessen & M. Raupach
Institute of Building Materials Research, RWTH Aachen University, Aachen, Germany

ABSTRACT: In bridges, which show defective sealing, chloride ions can migrate into the concrete, cata-
lyse the corrosion of the reinforcement and thus threaten the durability of the construction. The corrosion 
of the reinforcement can only be seen on the surface of the bridge when a high degree of impairment is 
already reached. Consequently, at that state, comprehensive building operations are necessary, which lead 
to traffic obstructions and thus to economic losses. In the context of the joint research project “Intel-
ligent, multifunctional textile reinforced concrete surface for bridges – SMART-DECK”– an innovative, 
multifunctional and thin interlayer will be developed, which will provide three functions: an all-over real-
time humidity-monitoring; a preventive cathodic corrosion protection, which can be adjusted by sections 
and a strengthening reinforcement of bridges with an insufficient load-bearing capacity.

load of the structure or at least not significantly. 
The aim of Smart-Deck is to extend the durabil-
ity of bridge constructions and reduce economic 
losses which emerge from traffic delays because of 
comprehensive building operations. Furthermore 
despite the higher initial investments the life cycle 
costs of bridges can be reduced due to fewer main-
tenance intervals.

2 THE TREE FUNCTIONS OF SMART 
DECK

2.1 The monitoring system

The interlayer will be divided into sections, which 
are arranged transverse to the lane. Each sec-
tion builds a separate sensor. Two technical tex-
tile layers are arranged with a spacing of 15 mm. 
The electrical resistivity between the two layers 
is measured. When the sealing starts to leak and 
water permeates into the interlayer, a drop in the 
measured electrical resistivity is detected and the 
operator of the bridge construction receives a note 
about the leakage. It is planned to monitor the 
condition of the sealing in real time. Therefore all 
relevant data are transmitted via internet or mobile 
radio and are presented in a simple form e.g. in a 
color scheme. By now, sensors for the monitoring 
of humidity in constructions or sensors which help 
to estimate the probability of corrosion exist, but 
these sensors work only discrete at the point of 
installation (Raupach 2013). The monitoring of a 
complete construction would need a high number 
of sensors, which is not an economic solution.

1 INTRODUCTION

1.1 The joint research projcet

“Smart Deck” is a joint research project of seven 
partners from industry and science. The project 
is sponsored by the BMBF and is planned to be 
finalized within three years.

1.2 Underlying idea

In the context of the project an innovative, mul-
tifunctional and thin (approx. 30 mm) interlayer 
for bridges will be developed, which will provide 
significant benefits in comparison to the state of 
the art for new bridge constructions as well as for 
existing bridges. SMART-DECK is based on tex-
tile reinforced concrete and will provide three func-
tions: an all-over real time humidity-monitoring; a 
preventive cathodic corrosion protection, which 
can be adjusted by sections and a strengthen-
ing reinforcement of bridges with an insufficient 
load-bearing capacity. By means of the monitoring 
system damages in the sealing layer are recognized 
early and, combined with the cathodic corrosion 
protection, traffic obstructions are prevented.

The renewing of the bridge deck sealing has not 
to be carried out immediately after an alarm value 
has been reached, but can be postponed to periods 
with little traffic. All three functions—the moni-
toring system, the preventive cathodic corrosion 
protection and the reinforcement—are realized 
by textile reinforcement, which consists of carbon 
meshes and a new developed mortar. Thus it is pos-
sible that Smart—Deck does not increase the dead 
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2.2 The cathodic corrosion protection

When an event of damage in the sealing is detected 
and when it is impossible to fix the defective seal-
ing without delay in traffic, the cathodic corrosion 
protection can be switched on. Thus the construc-
tional measures of the bridge deck sealing can be 
postponed to periods with less traffic or to that 
point of time when a renewing of the sealing is 
planned anyway. With a rectifier an electrical field 
is generated between the carbon and the reinforce-
ment, which disables chloride migration into the 
construction. Thus the depassivation of the steel is 
prevented. Nowadays systems for cathodic corro-
sion protection are not used on lanes and bridges 
because of cost concerns: primarily due to the fact 
that the sealing has to be removed to install the 
anodes and moreover the established impressed 
current anodes are expensive.

2.3 Reinforcement by the technical carbon textiles

In the course of the project the strengthening 
effect of the textile reinforcement to the transverse 
load-bearing capacity will be examined. Due to 

the reinforcement of the flexural tension zone, the 
crack formation is reduced, so it is expected that 
the transverse load—bearing capacity will reach a 
higher level.

3 EXPERIMENTAL PROGRAM

3.1 Development of the mortar mixture

To investigate the electrical resistivity of the mor-
tar experiments with alternating current between 
at least two layers of carbon textiles will be 
performed.

3.1.1 Relationship between electrical resistivity 
and humidity

To develop a well-working monitoring system 
one has to examine the properties of the mor-
tar in regard to the relationship between electri-
cal resistivity and humidity on the one hand. To 
receive a finely graduated humidity-monitoring it 
is necessary that the mortar has a high sensitivity 
for humidity, which means that the mortar should 
have a wide range in resistivity-values at different 
points of moisture content. On the other hand for 
the cathodic corrosion protection a low electrical 
resistivity of the mortar would be advantageous. 
In order to reach these objectives a suitable pore 
structure has to be found. In this context capillary 
pores with low constrictivity and tortuosity could 
help to achieve the intended properties (Reichling 
2012).

3.1.1.1 Test specimen production and test 
method

The structure of the test specimen can be seen 
in Figure 4. The electrical resistivity between the 
meshes is measured with alternating current. 
Therefore the specimens are stored under water 
until the measured resistivity values stay con-
stant. The measured values and the weight of the 

Figure 1. The intended structure of Smart-Deck.

Figure 2. The monitoring system.

Figure 3. The cathodic corrosion protection.
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specimens are recorded. Afterwards the specimens 
are dried to reach low water contents. Starting 
at these contents, different moisture contents are 
being adjusted through the addition of different 
amounts of water. The specimens are being packed 
vapour resistant to reach a homogenous distribu-
tion of the water. After two weeks the specimens 
are being unpacked and weighed. The resistivity 
is being measured before the specimens are dried 
again until they reach a constant weight and are 
being weighed again. Based on this data the rela-
tionship between humidity and resistivity values 
can be calculated. The AC resistance is converted 
with a cell constant into a resistivity.

In the following diagram the relationship 
between humidity and electrical resistivity of one 
kind of mortar used in the project is shown. The 
objective is to modify this mortar or to develop a 
new mortar to receive a higher drop in the resistiv-
ity values and thus a better detectability of dam-
ages in the sealing. However even with the existing 
difference in electrical resistivity values at different 
moisture contents one can already assess the con-
dition of the sealing.

Additionally, criteria have to be worked out 
defining which humidity values or otherwise which 

drop of electrical resistivity defines the level of risk 
for the bridge construction. It has to be examined 
which size of defective sealing should reasonably 
be detected. Therefore numerical simulations are 
being used to analyze the influence of scale effects 
and temperature. If  the measurements mentioned 
above will not allow conclusions concerning the 
humidity values and resulting the risk for corro-
sion impedance-spectroscopy measurements will 
be used. At a defined risk level the cathodic corro-
sion protection will be switched on automatically.

3.2 Selection of the technical textile

The polarization behavior of different types of 
technical carbon textiles is being examined. There-
fore specimen with matured concrete (approx. two 
years) with a counter electrode in form of a tita-
nium mesh and a reference electrode were used to 
apply layers of mortar and textile reinforcement. 

Figure 4. Test Specimen for resistivity examinations.

Figure 5. Relationship between electrical resistivity and 
humidity.

Figure 6. Specimen with carbon textiles before the mor-
tar was filled in.

Figure 7. Specimen with carbon textiles and mortar at 
the wacker plate.
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Two layers of carbon textile reinforcement were 
fixed with a spacing of 7.7 mm and 22.5 mm 
respectively to the substrate concrete at the form-
work. Then mortar was poured into the formwork 
and filled up to a level of 7.5 mm above the textile 
layer.

Previous studies show that technical carbon tex-
tiles with a small mesh width reach even at a low 
level of polarization (400 mV) a current density 
of 20 mA/m2, which is sufficient for the cathodic 
protection of steel in concrete. In the diagram 
below Textile A has twice as many rovings as Tex-
tile B, which leads to a greater surface and there-
fore to higher current densities at the same level of 
polarization.

Another aspect is the durability of the system 
in respect to the carbon. Experiments are planned, 
to find out whether in case of a permanent polari-
zation of the carbon an oxidation of the carbon 
takes place. This could lead to a reduced durability 
of Smart Deck. Due to the low current densities 
which are needed for a preventive cathodic corro-
sion protection, possibly no significant oxidation 
of the carbon occurs. In addition the influence of 
the dispersions and coatings of the textile rein-
forcement on the polarization properties of the 
carbon will be tested.

3.3 Development of the electronic components

For the functionality of the system, it is important 
to do researches on the frequency response of the 
system, so that it is possible to acquire data on 
the drop of resistivity in case of a defective seal-
ing without electrode polarization. Therefore elec-
trochemical impedance spectroscopy will be used. 
The measuring frequency is adjusted to the imped-
ance of the mortar.

4 CONCLUSION AND OUTLOOK

4.1 Conclusion

The following conclusions can be drawn at the 
actual state of the project:

− One of the tested mortars showed already a 
clear difference in electrical resistivity values at 
different points of moisture contents. Thus the 
intended concept for the monitoring should be 
feasible.

− It is possible to reach polarization values which 
are high enough for the cathodic protection with 
low current densities using technical carbon 
textiles.

− Investigations on the strengthening effect of the 
technical carbon textiles are being examined at 
the Institute of Structural Concrete (IMB).

4.2 Outlook

After the development of all components for the 
three functions, the system will be applied on a 
bridge construction to test the collaboration of the 
different functions.
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Preliminary investigation of flexural strengthening of RC beams using 
NSM iron-based shape memory alloys bars

H.N. Rojob & R. El-Hacha
University of Calgary, Calgary, Alberta, Canada

ABSTRACT: The applications of Shape Memory Alloys (SMA) in structural engineering field are lim-
ited to small scale projects and not adapted in practical application due to its high cost. Recently, the 
iron-based SMA (Fe-SAM) is being developed. The inexpensive constitutive materials of the Fe-SMA 
and the availability of mass production facilities of steel products makes this material more suitable for 
large scale structural engineering applications than the most common SMAs (i.e. NiTi). SMA is mainly 
characterized by the Shape Memory Effect (SME) phenomenon. The SME represents the ability of the 
SMA to recover part of the inelastic strain through heating. This paper reports on the flexural perform-
ance of 2000 × 305 × 150 mm RC beam strengthened with Fe-SMA tested under four point bending setup. 
The pre-strained Fe-SMA bar was anchored inside a groove cut on the tension side of the RC beam and 
then heated up to 350°C, where the transformation from martensite to austenite phase occurred causing 
a prestressing force developed in the Fe-SMA bar that counteracts the applied loads. The results revealed 
a significant increase in the yielding and ultimate loads. Furthermore, the ductility of the beam was sig-
nificantly improved.

of prestressing FRPs where the FRP elements 
are prestressed against the structural members in 
the form of active strengthening (El-Hacha and 
Soudki, 2013; El-Hacha & Gaafar, 2011, El-Hacha 
et al. 2001).

More recently, Shape Memory Alloys (SMA) 
have been attracting the researchers from differ-
ent fields due to their superior properties. Besides 
the material superelasticity, corrosion and fatigue 
resistivity, SMAs are mainly characterized by 
the Shape Memory Effect (SME) phenomenon. 
The SME represents the ability of the SMAs to 
recover part of the inelastic strain through heat-
ing. The recovered strain in this transformation 
can be utilized to introduce stresses to structures. 
The most common SMA is made of Nickel and 
Titanium (NiTi). Due to the high cost of the NiTi, 
it wasn’t widely used in large-scale civil engineer-
ing applications. A newly developed Iron-based 
SMA (Fe-SMA) with considerably lower cost, and 
high recovery stress of 200–400 MPa, is considered 
to be a suitable choice for structural engineering 
applications (Awaji, 2014; Dong, et al., 2009; Li, 
et al., 2013).

The approach proposed herein adopts the NSM 
technique for flexural strengthening of RC beams 
using Fe-SMA bars. The pre-strained Fe-SMA is 
to be anchored in a grove cut on the tension side of 
the RC beam, followed by heating above the activa-
tion temperature. Because the bar is restrained from 

1 INTRODUCTION

As the strengthening and rehabilitation of struc-
tures become vital tools to solve the deterioration 
issues of reinforced concrete structures, research-
ers are looking for more practical, efficient, and 
economical techniques. The application of innova-
tive materials such as Fiber Reinforced Polymers 
(FRPs) was widely used in the past few decades, 
especially in the area of flexural strengthening of 
reinforced concrete (RC) beams (Lamanna, et al., 
2001; El-Hacha & Rizkalla, 2004; Baky, et al., 
2007). For flexural strengthening, the FRPs are 
typically applied as Externally Bonded (EB) sheets/
plates/strips, Near Surface Mounted (NSM) strips/
bars, or Mechanically Fastened (MA) strips/plates 
at the tension face of the RC beams/slabs. The use 
of FRPs shows a superior performance relative to 
the conventional rehabilitation materials (i.e. steel 
and concrete). The application of FRPs reinforce-
ment in the form of strips, sheets, plates, and bars 
is considered to be a passive strengthening tech-
nique in the sense that these materials will not be 
active unless a further deformation or deflection is 
induced in the beam, which means that this type 
of strengthening is meant to improve the ultimate 
capacity of the beams. In some cases it is essential 
to improve the performance of the RC beams at 
service loads to reduce deflection and cracking. To 
achieve that, researchers introduced the application 
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both ends through steel anchors, no strain will be 
recovered. Instead, the heating process will cause a 
prestressing force in the Fe-SMA bar that counter-
acts the applied loads on the beam, and eventually 
improve the serviceability and ultimate behaviors. 
In this case the SMA does not require any jacking 
system or sophisticated anchorage tools. The ongo-
ing research project studies the behavior of con-
crete beams strengthened with Fe-SMA bars under 
different loading and environmental conditions. 
This paper reports on the behavior of RC beam 
strengthened with Fe-SMA bar under monotonic 
loading tested at room temperature.

2 BACKGROUND

The SMAs in general are characterized by two 
main distinct properties, namely; the pseudo-elas-
ticity and the Shape Memory Effect (SME). These 
properties are attributed to the temperature and 
stress dependent phase transformation. Martensite 
phase exist at low temperatures, and the high sym-
metry phase called Austenite phase at high tem-
perature. The uniqueness of SMAs is attributed 
to the martensite transformation which occurs by 
shear lattice distortion and not by atom diffusion. 
In absence of load, the martensite transforma-
tion (also called forward transformation) starts 
at temperature value Ms (martensite start) until 
temperature Mf (martensite finish) at which all 
the material transforms into martensite form. The 
reverse transformation (from martensite to austen-
ite) starts when the material is heated in absence 
of stress at a temperature marked as As (austen-
ite start). The material will totally transform to 
austenite at Af (austenite finish) as shown in Fig-
ure 1. During the cooling process below Mf, the 
twining process prevents any macroscopic shape 
change, where multiple variants coexist in a phase 
called twinned martensite. The martensite variants 
can be forced to orient (detwin) in a one dominant 
variant through mechanical loading. The detwin-
ning process takes place at a stress level σs (detwin-
ning start) and finishes at stress level σf (detwinning 
finish) causing macroscopic inelastic strain. Upon 
heating the SMA material while in the detwinned 
martensite phase above Af, the detwinned marten-
site phase transforms to the parent austenite phase 
causing recovery of the inelastic strain. This proc-
ess is called the Shape Memory Effect (SME) as 
presented in Figure 2 (Lagoudas, 2008; Cismasiu, 
2010). The SME can be utilized to apply stresses 
to structures by having the ends of the SMA mate-
rial restrained. In this case, no recovery strain will 
occur, alternatively, a recovery stress will develop. It 
is worth mentioning that part of the inelastic strain 
is induced through a slip deformation (movement 

of dislocations). This type of strain causes a reduc-
tion in the shape recovery ratio (recovered strain 
to initial strain) depending on the type of SMA 
(Awaji, 2014).

3 EXPERIMENTAL PROGRAM

The experimental program of this research project 
consists of testing seven (150 × 305 × 2000 mm) 
rectangular RC beams in total. The beams are 
divided in three sets according to the testing con-
ditions. The first set involves the testing of two 
beams strengthened with NSM Fe-SMA bars 

Figure 1. Phase diagram of SMA, after Lagoudas 
(2008).

Figure 2. Shape memory effect of SMA, after Lagou-
das (2008).
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and one control unstrengthened beam. The two 
strengthened beams in the first set vary based on 
the thermo-mechanical training of the Fe-SMA 
bar (i.e. no training, one cycle training). The beams 
in the first set will be tested at room temperature 
under monotonic loading. In the second set, one 
control unstrengthened beam and one strength-
ened beam will be tested after being exposed to 
sever environmental conditions. The third set con-
sists of one control unstrengthened beam and one 
strengthened beam tested under cyclic loading. 
This paper reports on the results of the RC beam 
strengthened with NSM Fe-SMA bar without 
thermo-mechanical training tested monotonically 
at room temperature. Figure 3 shows the geometric 
details of the RC beam. The beam is 2000 mm long 
with 1800 mm span length, and cross section of 
150 × 305 mm. The beam was designed according to 
CSA 23.3–04 such that no shear failure will occur. 
Therefore, 10M two-legged stirrups were provided 
at spacing of 150 mm. The beam was reinforced 
with two 15M bars in tension and two 10M bars 
in compression with total steel cross-sectional area 
of 400 mm2 and 200 mm2, respectively. The average 
yield and ultimate strengths of the steel reinforce-
ments were 458 MPa and 619 MPa, respectively. 
The average compressive strength of the concrete 
at the day of testing was 40 MPa.

3.1 Preparation of the Fe-SMA bar

The beam was strengthened with 1000 mm long 
and 14.3 mm diameter Fe-SMA manufactured by 
Awaji (2014). The stress-strain curve of the Fe-
SMA bar is shown in Figure 4. The Fe-SMA bar 
was initially strained to 6% as shown in Figure 5. 
The bar was threaded using NF 6/19″ threading 
tape on both ends as presented in Figure 6. The 

bar was then connected to the steel coupling nuts 
at both ends. The coupling nuts were then welded 
to 10 mm thick steel plates as shown in Figure 6. 
The bar was then embedded inside a groove cut on 
the tension side of the RC beam. The steel plates 
were anchored to the RC beam using Carbon Steel 
Kwik Bolt 3 Expansion anchor produced by Hilti 
Inc. (2011) as shown in Figure 6.

3.2 Heating procedure

A flexible resistive heating tape was wrapped 
around the Fe-SMA bar. The bar was then heated 

Figure 3. Geometric details of the RC beam strength-
ened with Fe-SMA bar.

Figure 4. The stress strain curve of the Fe-SMA bar 
(Awaji, 2014).

Figure 5. The application of 6% strain to the Fe-SMA 
bar.

Figure 6. Details of the anchorage set.
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to 350°C. The strain in the concrete at the level of 
tension steel was monitored during the heating 
process. A slight reduction in the strain was initially 
observed as shown in Figure 7 due to the thermal 
expansion behavior of the Fe-SMA bar. Once the 
temperature reached the activation temperature 
of the Fe-SMA bar (150°C), the strain started to 
increase. In the cooling stage, further compression 
strain in the concrete was observed caused by the 
removal of the thermal expansion effect. After 
the beam cooled down, the groove was filled with 
epoxy adhesive produced by Sika (2012).

3.3 Bending test

The beam was tested monotonically on four point 
bending setup as shown earlier in Figure 3. The 
beam was instrumented with four Linear Strain 
Conversion (LSC) at the mid-span of the beams as 
presented in Figure 8 to monitor the stain at the 
concrete surface (two LCSs were placed on the side 
of the beam in which one of each is mounted at the 
level of the longitudinal bottom and top steel; and 
two LCSs were mounted at the top of the beam to 
measure the strain in the concrete in compression). 

Two strain gauges (SG) were installed on the ten-
sion steel and one was installed on the compression 
steel. Two laser transducers were used to monitor 
the vertical deflection at the mid-span of the beam.

4 RESULTS AND DISCUSSION

The strengthened beam failed in a ductile failure 
mode by crushing of concrete after the yield-
ing of the steel reinforcement and Fe-SMA bar, 
respectively. The load mid-span deflection curve 
of the beam strengthened with NSM Fe-SMA 
bar (Beam-SMA) is presented in Figure 9 along 
with the control beam (Beam-C) tested by Had-
iseraji & El-Hacha (2014). Figure 10 shows the 
flexural cracks at the mid-span of Beam-SMA. 
Figure 11 shows the distribution of strain across 
the depth of Beam-SMA at the mid-span at the 
cracking load, yielding load, and ultimate load.

Table 1 shows a summary of the testing results. 
The results indicate that the flexural performance 
of the strengthened beam was improved. The 
yielding load and the ultimate load were increased 
by 22% and 33%, respectively. More importantly, 

Figure 7. Concrete strain at the level of tension steel 
during the heating process (Noting that the beam was 
flipped over to facilitate the heating process).

Figure 8. Locations of the strain gauges (SG), LSCs, 
and laser transducers at the mid-span of the beam.

Figure 9. Load-deflection curves of Beam-C (Hadis-
eraji & El-Hacha, 2014), and Beam-SMA.

Figure 10. Flexural cracks at the mid-span of Beam-
SMA.
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the ductility was significantly improved. The duc-
tile behavior of the Beam-SMA was reflected by 
the 43% increase in the deformability index (the 
deformability index was calculated as the ratio of 
deflection at ultimate load to the deflection at yield 
load), and the 146% increase in the total dissipated 
energy over Beam-C (the total dissipated energy 
was computed as the total area under the load 
deflection curve up to the ultimate load).

5 CONCLUSIONS

The test results revealed the feasibility and effec-
tiveness of the Fe-SMA bars in flexural strength-
ening of RC beams. The advantages of such smart 
material over the FRPs are the easiness of applying 
the prestressing force and the high ductility of the 
material that allows for a ductile failure mode. It is 
worth mentioning that the Fe-SMA bar was used 
without thermo-mechanical training. The applica-
tion of thermo-mechanical training will result in 
an improvement in the mechanical performance 
of the Fe-SMA bar and eventually enhances the 
flexural capacity of the strengthened beam. The 

research project is ongoing and results will be pre-
sented in future publications.
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Table 1. Summary of the test results of: Beam-C (Had-
iseraji & El-Hacha, 2014) and Beam-SMA.

Beam-
C

Beam-
SMA %Δ

Cracking load: Pcr (kN)   19   40 111
Yielding load: Py (kN)  104  126.8  22
Ultimate load: Pu (kN)  124  165.4  33
Deflection at yield: Δy (mm)    5.3    5.7   7
Deflection at ultimate: Δu (mm)   18.0   27.5  53
Deformability index    3.4    4.8  43
Energy dissipated (kN.mm) 1534 3777 146
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Preliminary experimental investigation of reinforced concrete columns 
confined with NiTi SMA wires

K. Abdelrahman & R. El-Hacha
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ABSTRACT: Strengthening concrete columns through confinement techniques is commonly used 
to enhance the structural performance of  the concrete. Recently, an innovative strengthening tech-
nique that utilizes smart materials termed Shape Memory Alloys (SMA) have been introduced. The 
SMA possesses unique characteristic properties that lie in their ability to undergo large deformations 
and return back to their original shape through stress removal or heating. This paper aims to inves-
tigate the use of  SMA in the form of  wires to actively confine the concrete. The preliminary investi-
gation includes characterizing the material properties of  the SMA wire relevant to the confinement 
application. In this case, namely the tensile properties and the recovery stress test was conducted. The 
experimental testing conducted to determine appropriate splicing connection for the SMA wire is also 
presented. Finally, a preliminary experimental study was conducted to determine the effectiveness of 
utilizing SMA wires to actively confine the concrete. The test results showed significant enhancement 
in the strength and ductility of  the SMA confined concrete, when compared to the unconfined con-
crete specimen.

SMA’s possess unique thermo-mechanical prop-
erties and material characterization that over-
come the shortcomings of  the abovementioned 
confinement methods. The SMA used in the 
form of wires, when wrapped around the column 
can actively confine the concrete by utilizing its 
unique thermo-mechanical properties. Thus, the 
main objective of  this paper is to investigate the 
possibility of  actively confining the concrete col-
umns using SMA wires, which is the first phase 
of  a currently ongoing research study undertaken 
by the authors to study the influence of  eccentric 
loading conditions on SMA confined concrete 
columns.

In this paper, a background information on 
SMA’s and a brief  literature review on the very 
limited research studies related to SMA confined 
concrete is presented. Followed by the experimen-
tal testing conducted to characterize the material 
properties of the SMA wires, specifically the ten-
sile properties and the recovery stress character-
istics. Also included in this paper is the splicing 
connection test performed to determine an appro-
priate method to connect splices of the SMA wires. 
The main objective of this paper was approached 
by conducting a preliminary experimental study, 
which consisted of actively confining concrete col-
umns using SMA wires, and comparing its struc-
tural performance with an unconfined concrete 
column.

1 INTRODUCTION

Recent catastrophic failures due to earthquakes 
revealed the vulnerability of  our infrastructure. 
Investigations conducted on these structures 
revealed that the main cause of  failure was asso-
ciated with the collapse of  the concrete columns 
that lead to progressive failure of  the struc-
ture. Thus, it is now imperative that repair and 
strengthening strategies of  concrete columns 
is crucial to ensure the safety of  the public and 
revive our current infrastructure to become 
structurally reliable to withstand future earth-
quake events.

Traditional strengthening and repair methods 
such as concrete casing and steel jacketing are 
considered ineffective, as the strengthening mate-
rial suffer from the same deterioration effect as 
the parent material. On the other hand, the use 
of non-corrosive and light-weight materials such 
as Fibre Reinforced Polymers (FRP) become pas-
sively engaged and confines the concrete column 
only after significant damage is encountered by the 
concrete. Thus, there is a critical need to develop 
smart and innovative strengthening strategies for 
concrete columns.

Recently, a new class of  smart materials termed 
Shape Memory Alloys (SMA) have been intro-
duced as a strengthening material to enhance the 
structural performance of  concrete columns. The 
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2 BACKGROUND INFORMATION ON SMA

Shape Memory Alloys (SMA) are commonly 
referred to as smart materials for their ability to 
take large deformations (up to 8%) and return 
to their original shape upon heating or unload-
ing. These unique properties of SMA occur due 
to phase transformation of the material between 
the austenite and martensite phases. The austenite 
and martensite phases are related to the high tem-
perature and low temperature state of the material. 
The SMA’s are characterized by four distinctive 
temperatures: austenite start temperature (As), 
austenite finish temperature (Af), martensite start 
temperature (Ms), and martensite finish tempera-
ture (Mf).

Recovering the original shape of the SMA after 
being deformed beyond its elastic limits through 
unloading is referred to as super-elasticity, and 
through heating is characterized as the Shape 
Memory Effect (SME). In this paper, only the 
SME phenomenon will be discussed due to its 
relevancy to the confinement application mecha-
nism. To better describe this phenomenon, the 
thermo-mechanical loading path in a combined 
stress-strain temperature space is schematically 
shown in Figure 1. Under a stress-free state, load-
ing the material in its martensitic form results in a 
linear elastic stress-strain response until the mini-
mum detwinning stress (σs) is reached. After this 
point, the SMA experiences a yielding plateau due 
to a detwinning process characterized by a zone of 
large strains and low stiffness. The detwinning fin-
ish stress (σf) marks the completion of the detwin-
ning process and is usually followed by an increase 
in the stiffness depending on the type of the SMA. 
At this stage, unloading the SMA would approach 

a state of zero stress with retained deformation in 
the material. Recovering the original undeformed 
state of the material occurs by heating the SMA 
above the austenite finish temperature (Af). This 
triggers the SME of the SMA, which is character-
ized by phase transformation from martensitic to 
austenitic. Subsequent cooling of the SMA would 
transform the material back to its martensitic state, 
and the entire cycle can be repeated (Fig. 1).

3 LITERATURE REVIEW

The conceptual idea of utilizing the SME of the 
SMA as a confinement strategy to enhance the 
performance of the concrete was first proposed by 
Krstulovic-Opara & Thiedeman (2000). This inno-
vation comprised of embedding post-tensioned 
SMA fibres in the cementitious composites of high 
and normal-strength concrete cylinders. The test 
results reported in this study showed enhancement 
in the strength and ductility of the tested cylinders. 
Through the aforementioned study, Janke et al. 
(2005) realized the potential of utilizing SMA as a 
form of external strengthening strategy to actively 
confine the concrete. Experimentally investigat-
ing this concept was first performed by Choi et al. 
(2008), where the authors studied the ability of 
Ni-Ti SMA in the form of martensitic and auste-
nitic wires to externally confine concrete cylinders. 
The findings reported in this study were considered 
as a major breakthrough as it verified experimen-
tally the success of concrete confinement using 
SMA wires, by quantifying the enhancement in 
the structural performance of the SMA confined 
concrete. The effectiveness of utilizing Ni-Ti SMA 
wires to actively confine concrete cylinders was 
also studied by Andrawes et al. (2010), Destrebecq 
& Balandraud (2010), Mirzaee et al. (2010) and 
Zuboski (2013). The findings of these test studies 
also confirmed the superior structural perform-
ance of the concrete specimens confined with the 
SMA wires.

Choi et al. (2010) investigated the use of NiT-
iNb SMA wires to externally confine concrete 
cylinders. The test data showed that the NiTiNb 
SMA wires increased the compressive strength and 
ductility of the cylinders. They also found that the 
NiTiNb wires were more effective in increasing the 
peak strength and dissipating energy than the NiTi 
wires.

Further experimental investigation was con-
ducted by Shin & Andrawes (2010), where the 
research focus was aimed at comparing the per-
formance of SMA confined concrete cylinders 
with that of the cylinders wrapped with the con-
ventionally used Glass Fibre Reinforced Polymers 
(GFRP) sheet. The test results showed a significant 

Figure 1. Shape memory effect of the SMA (after 
Lagoudas, 2008).
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increase in the strength and ultimate strain of the 
SMA actively confined concrete cylinders over the 
conventional GFRP wrapped concrete cylinders. 
The authors also proposed a new hybrid active/
passive confinement technique that comprised 
of SMA spirals plus GFRP/epoxy sheets (SMA-
GFRP). The study showed that the hybrid SMA-
GFRP confinement technique exhibited a superior 
performance over the conventional passive confine-
ment technique. This research investigation clearly 
showed the potential of using SMA spirals solely or 
as a supplementary confinement technique along 
with FRP wraps.

Tran et al. (2014) conducted a similar research 
investigation as Choi et al. (2008), where concrete 
cylinders were actively confined using Ni-Ti SMA 
wire in its martensitic state, and passively confined 
using the SMA wire in its austenitic state. Their 
comparison between using SMA wire through 
active and passive confinement mechanism 
showed that the stiffness, strength and ductility 
were significantly improved in the case of  active 
confinement.

In light of the very limited research studies con-
ducted on SMA confined concrete, it is clearly rec-
ognizable that this active confinement technique 
has a great potential to significantly enhance the 
structural performance of concrete columns.

4 SMA MATERIAL COMPOSITION 
AND CHARACTERIZATION

The main elements that compose the SMA wire 
selected for this study were Nickel (Ni) and Tita-
nium (Ti) with an atomic percentage of 48% and 
37%, respectively. The SMA wires had a round 
cross-sectional diameter of  1.9 mm that could 
provide a linear strain recovery up to 6.3% when 
heated above the As temperature of 60oC. The 
SMA wires have been supplied by the manufac-
turer in its martensitic pre-strained form in cut 
lengths of  2.4 meters. According to the manufac-
turer, the ultimate tensile strength, elastic modu-
lus, and strain at failure of  the SMA wire were 
818 MPa (±50 MPa), 462 MPa (±5 MPa), and 41% 
(±5%), respectively.

5 TENSILE TESTING OF SMA WIRE

During the confinement procedure, the SMA wire 
is initially utilized in its pre-strained martensite 
form. After which, the application of heat triggers 
the SME of the SMA wire transforming the wire 
into its austenite state that actively confines the 
concrete specimen through a reactive force induced 
by restraining the SMA wire. Thus, the tensile 

characteristics of the SMA wire were determined 
in its martensite and austenite state.

The SMA wires were shipped by the manufac-
turer in their martensitic state and the tensile test 
performed at this stage will determine the marten-
sitic tensile properties of the SMA wire. In order 
to determine the austenitic tensile properties, the 
SMA wire was heated via electrical current above 
the austenite transformation temperatures (>60°C). 
The SMA wire was left to cool down to room tem-
perature (≈22°C) and due to its unique thermo-
mechanical properties, the martensitic SMA wire 
was now transformed to its austenite phase and 
can sustain this phase at room temperature. At 
this point, the tensile testing of the SMA wire will 
determine its austenitic tensile properties.

The gauge length of the SMA specimen used 
to determine the tensile characteristics of the wire 
was 300 mm. Three specimens were tested at each 
state (martensite and austenite) of the SMA wire 
for repeatability purposes. A tensile displacement 
control mode was applied at a rate of 4.5 mm/sec 
until failure. The stress-strain characteristics of 
the SMA wire in the martensite and the austenite 
phases are shown in Figure 2. For clarity purposes, 
the result of only one specimen in each phase was 
included in the figure, however, the results of all the 
tested specimens is summarized in Table 1. Typi-
cal stress-strain behaviour of the SMA wire in the 
martensite and the austenite phases were achieved. 
The martensitic SMA wire showed a linear stress-
strain relationship up to the yield point, after 
which the stiffness reduced significantly defined 
by a region of increasing axial strain accompanied 
with a slight increase in the stress until failure. For 
the austenitic SMA wire, an increase in the stiffness 
was noticed after the yield point accompanied with 
increasing stress and deformation until failure.

Figure 2. Stress-strain behaviour of the SMA wire in 
the martensite and austenite phases.
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6 RECOVERY STRESS TEST

Quantifying the amount of recovery stress gener-
ated to actively confine the concrete column is par-
amount for column design purposes. The recovery 
stress mechanism of the SMA wire is activated by 
heating the material above the austenite finish tem-
perature (Af) of 120oC. There are several methods 
reported in the literature to induce heat to the SMA 
wire, among which, the most common methods 
include the use of a torch, an oven, or an electrical 
current. A key factor to the success of implement-
ing SMA confinement strengthening technique is 
to ensure that the practicality aspect is satisfied. 
Accordingly, the heating methods using a torch 
or oven are considered to be impractical and have 
been discarded. Thus, the use of an electrical cur-
rent was selected in this research study as the heat-
ing source to the SMA wire. This heating method 
is easily applicable and ensures uniform flow of 
heat through the material. In addition, the control 
parameters such as the voltage, current, heating 
temperature and the time required to the heat the 
SMA wire are easily controllable and adjustable 
compared to the other heating techniques.

Once the heating source of the SMA wire was 
determined, the recovery stress can now be exam-
ined. This investigation was conducted using a 
Tinius Olsen testing machine with a load capacity 
of 20 kN. The testing protocol involved restraining 
the SMA wire using the end grips of the machine. 
Then, an electrical current was passed through the 
SMA wire triggering the SME mechanism, and 
since the wire was restrained, a recovery stress 
was generated in the wire. The recovery stress was 
calculated from the reaction force measured using 

the load cell in the machine. The temperature of 
the SMA wire was monitored using a thermocou-
ple. The set-up of the recovery stress test is shown 
in Figure 3.

The recovery stress test was conducted on three 
SMA specimens measuring 40 cm in length. For 
clarity purposes, the test results for one sample 
was graphed in Figures 4–6. The recovery stress 
test was initiated by heating the SMA wire via elec-
trical current above the austenite finish tempera-
ture (Af) and then the wire was left to cool back 
to room temperature. The desired temperature of 
120oC was reached within 3 minutes from heat-
ing the SMA wire (Fig. 4). As the temperature of 
the SMA wire increased, the generated recovery 
stress also increased linearly until a yield point 

Table 1. Summary of the experimental tensile testing of 
the SMA wire.

Properties UOM* T-1 T-2 T-3 Avg. (±Std)

Martensite Phase
Yield Stress MPa 720 660 650 677 (±38)
Yield Strain % 1.3 2 1.6 1.5 1.77 (±0.3)
Ult. Tensile 

Strength
MPa 1100 1101 1117 1106 (±9.5)

Elongation % 7.4 7.8 7.3 7.5 (±0.3)

Austenite Phase
Yield Stress MPa 500 520 560 527 (±25)
Yield Strain % 2 2.2 1.9 2 (±0.12)
Ult. Tensile 

Strength
MPa 1079 1082 1062 1074 (±8.8)

Elongation % 36 37 29 34 (±3.6)

* UOM = Unit of Measurement; Std: Standard 
deviation. Figure 3. Recovery stress test of the SMA wire.

Figure 4. Temperature versus heating time of the SMA 
wire.
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was reached corresponding to the austenite start 
temperature (As) at 60oC. After which, the recovery 
stress increased at a slower rate with the increase in 
temperature until the desired temperature of 120oC 
was reached, corresponding to Af. Terminating the 
heat source caused a gradual drop in the maxi-
mum recovery stress attained until it eventually 
stabilized at room temperature, representing the 
residual recovery stress of the SMA wire (Fig. 5). 
For one of the tests, the SMA wire was then loaded 
to failure to determine the total confinement pres-
sure. The total confinement pressure of the SMA 
wire is generated through active and confinement 
mechanisms. The active confinement pressure pro-
duced by the SMA wire is triggered by the SME, 
and the passive confinement pressure applied by 
the SMA wire is generated during the axial com-
pressive loading of the SMA confined concrete. 
The testing protocol shown in Figure 6 allowed 

to quantify the generated active and passive con-
finement pressure of the SMA wire. The summary 
of the recovery stress test results is presented in 
Table 2. Accordingly, the maximum recovery strain 
attained by the SMA wire was 581 MPa, the recov-
ery stress then converged and became stable at a 
value of 485 MPa at room temperature.

7 ANCHORAGE SYSTEM

For shipment and pre-straining purposes, the SMA 
wires have been supplied by the manufacturer in 
cut lengths of 2.4 meters. In addition to the need to 
anchor the SMA wire at the ends of the specimens, 
the use of a splicing connection was also necessary 
to ensure continuity of the SMA wire across the 
height of the specimen. Three splicing mechanisms 
that included the use of sleeves, welding the SMA 
wires, and U-clamp connections were considered. 
The advantages and disadvantages of each splic-
ing connection system were evaluated and in some 
cases were experimentally investigated.

The first splicing type connection investigated 
was welding splices of the SMA wires. Theoreti-
cally, the heat produced from the welding process 
would alter the thermo-mechancial properties of 
the SMA wire that could potentially trigger the 
SME of the wire, thus, the welding type connec-
tion was discarded. The second type of splicing 
connection investigated involved the use of sleeve 
anchors. A preliminary experimental investiga-
tion was conducted to evaluate the effectiveness 
of the sleeve anchors as a potential splicing con-
nection adopted for this study. The load transfer 
mechanism of the sleeve anchors were investigated 
by connecting two splices of the SMA wire using 
varying number of sleeve anchors subjected to 
tensile loading. The test results showed immediate 
slippage of the SMA wires with up to five sleeves 
anchors used at the splicing connection. Thus, the 
use of the sleeve anchors as a splicing connection 
was discarded. Finally, the use of the U-clamp 
anchors as a splicing connection was investiga-
tion by conducting a similar experimental study to 

Figure 5. Axial stress versus time for the SMA wire 
recovery stress test.

Figure 6. Axial stress versus axial strain for the SMA 
wire recovery stress test.

Table 2. Maximum and residual recovery stress of the 
SMA wire.

Parameter UOM* T-1 T-2 T-3 Avg (±Std)

Maximum 
Recovery Stress

MPa 579 584 581 581 (±2.7)

Residual 
Recovery Stress

MPa 486 483 486 485 (±1.6)

* UOM = Unit of Measurement Std: Standard 
deviation.
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the sleeve type connection. Based on the dimen-
sion and application of the SMA wire, the type 
of U-clamp anchors selected in this study had a 
wire rope size of 3.175 mm (1/8 inches) and were 
made from malleable iron (Fig. 7a). The number of 
U-clamp anchors were varied (up to four U-clamp 
anchors) at the splicing connection to obtain the 
desired results (Fig. 7b). The splicing connection 
test was conducted on the SMA wire in its marten-
site and austenite phases.

A summary of the U-clamp anchorage experi-
mental investigation is shown in Figure 8. To ensure 
the success of the splicing connection, the used con-
nection should be able to transfer forces equivalent 
to the active and passive confinement forces devel-
oped during the confinement process and the axial 
compressive loading of the concrete column. The 
test results indicate that the corresponding stress 
obtained from using four U-clamps exceeded the 
maximum recovery stress and nearly reached the 
ultimate stress of the SMA wire. Thus, the type of 
splicing connection adopted in this research study 
consisted of four U-clamp anchors.

8 EXPERIMENTAL TEST RESULTS OF 
THE SMA CONFINED CONCRETE

Once the material characterization and the test 
parameters of the SMA wires were defined, a pre-
liminary investigation was conducted to study the 
experimental behaviour of the SMA confined con-
crete. The main purpose of this investigation was 
to:

1. test the validity of the developed electrical cir-
cuit system as an appropriate heating system

2. determine the success of thermally triggering 
the active confinement mechanism of the SMA 
wire

3. investigate the performance of the U-clamp 
splicing connection system

4. quantify the enhancement in the strength and 
ductility of the actively confined SMA wrapped 
cylinder

8.1 Test set-up and instrumentation

The concrete cylinders used in this study measured 
100 mm in diameter and 200 mm in height. The 
cylindrical specimens were subjected to uni-axial 
compression at a loading rate of 10 kN/sec to fail-
ure. One cylinder was confined with the SMA wire 
at a pitch spacing of 10 mm and the other cylin-
der was left to act as a control specimen. The test 
cylinders were instrumented with conventional foil 
strain gauges to measure localized axial and hoop 
strains. The detailing of the instrumentation con-
figuration is shown in Figure 9.

The pre-strained SMA wires shipped at their 
martensite phase provided flexibility and ease of 
operation. The SMA confinement procedure of 
the concrete cylinder was initiated by coiling the 
SMA wire with two turns at one end of the cyl-
inder. The SMA wire was then fixed and tight-
ened to the concrete cylinder using four U-clamp 
anchors. Under a constant tensile force, the SMA 
wire was wrapped around the concrete cylinder at 

Figure 7. (a) U-clamp anchor, and (b) tensile testing of 
the splicing connection using four U-clamp anchors.

Figure 8. U-clamp anchorage test results of the SMA 
wire.
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a pitch spacing of 10 mm. At the opposite end of 
the cylinder, the SMA wire was also coiled with 
additional two turns and tightened to the concrete 
cylinder with U-clamp anchors. The intermediate 
splices of  the SMA wires were connected with four 
U-clamps to ensure continuity of the SMA wire 
across the height of  the cylinder. The end prod-
uct of  the SMA confined concrete is shown in 
Figure 10.

8.2 Heat application using electrical current

The selected heat source for this research investiga-
tion was supplied via electrical current. The devel-
oped circuit used to generate the electrical current 
was composed of the following components: a 
thermocouple sensor, a variable auto transformer 
(VAT), a voltmeter, an Amp meter, and an electri-
cal shunt (Fig. 11). The thermocouple sensor was 
connected to the SMA wire to monitor the tem-
perature. The VAT was used to adjust the required 
voltage supply to maintain an electrical current of 
15 Amps. The voltage readings from the VAT were 
constantly verified using a voltmeter connected 
to the circuit. The maximum current capacity of 
the Amp meter available for use was 10 Amps, 
which was below the generated electrical current 
of 15 Amps. Thus, in order to monitor the current 
in the circuit, an electrical shunt was installed. The 
main purpose of the electrical shunt was to create a 
path of least resistance. The resistivity of the elec-
trical shunt was 0.005 Ω. The voltage drop across 

the shunt was measured, from which the electrical 
current was determined using Ohm’s law.

Once the SMA wires were wrapped around the 
concrete specimen, the electrical wires from the 
developed circuit were connected to the ends of 
the SMA wire (Fig. 11). This method would ensure 
evenly distributed heating of the SMA spirals. 
Once the electrical circuit was complete, the VAT 
was switch on to generate the electrical current 
required to heat the SMA wire. At the instant the 
thermocouple sensor measured the target tempera-
ture of 120oC, the voltage supply was cut and the 
SMA wrapped cylinder was left to cool to room 
temperature. This point marks the transformation 
of the wire from the martensite to the austenite 

Figure 9. Instrumentation detailing; instrumentation 
set-up of (a) unconfined, and (b) SMA confined concrete 
cylinder; (c) location of the strain gauges; and (d) sum-
mary of the strain gauges installed.

Figure 10. SMA confined concrete cylinder.

Figure 11. Components of the electrical circuit used to 
heat the SMA confined concrete cylinders.

ICCRRR15_Fullpaper_Book.indb   553ICCRRR15_Fullpaper_Book.indb   553 8/27/2015   9:15:09 AM8/27/2015   9:15:09 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-78&iName=master.img-008.jpg&w=189&h=180
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-78&iName=master.img-009.jpg&w=189&h=264
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-78&iName=master.img-010.jpg&w=189&h=69


554

phase, and also completes the active confinement 
procedure of the concrete cylinder.

8.3 Test results

The main objective of this section is to validate and 
access the investigated parameters, which include 
the heating system via electrical current, the end 
anchorage and splicing connections, and accessing 
the recovery stress generated to actively confine the 
concrete cylinder using the SMA wires. The success 
of the confinement technique can be determined 
preliminarily by quantifying the strength and duc-
tility gain of the SMA wrapped cylinder. A sum-
mary of the experimental test data is graphically 
presented in Figure 12. A brief  assessment of the 
experimental data show significant enhancement 
in the strength and ductility of the SMA confined 
concrete cylinder, when compared to the control 
cylinder. The actively confined SMA wrapped 
cylinder experienced an increase in the ultimate 
strength, axial strain and radial strain by factors 
of 1.4, 28, and 20, respectively, compared to the 
unconfined concrete cylinder. The SMA confined 
concrete possesses almost a linear stress-strain rela-
tionship up to the maximum strength, after which 
a gradual decrease in the strength is recorded until 
the failure of the specimen. The behaviour of 
the stress-strain curve after the yield point criti-
cally relies on the recovery stress, and the pitch 
spacing of the SMA wire. Using SMA wire that 
exhibit high recovery stress accompanied with low 
pitch spacing can result in an ascending slope with 
strength and ductility enhancement after the yield 
point is reached. It should be noted that the strain 
gauge mounted on to the SMA wire immediately 

detached during the initial loading stages of the 
specimen. Difficulties were encountered bonding 
the strain gauge to the SMA wire due the high cur-
vature and the small cross-sectional diameter of 
the SMA wire.

The failure mechanism of the SMA confined 
cylinder was very ductile. The concrete cylinder 
remained intact despite the high axial deformation 
and radial strains recorded. At failure, the SMA 
wire fractured at the mid-height section followed 
by the formation of a diagonal crack across the 
height of the concrete cylinder (Fig. 13). The frac-
ture of the SMA wire indicates the efficiency of the 
developed splicing connection to transfer forces 
effectively between splices of the SMA wires. This 
also means that the SMA wire experienced very 
low or negligible slippage at the splicing connec-
tion. In addition, the use of U-clamp anchors were 
capable of connecting splices of the SMA wire 
without inducing high stress concentrations that 
could result in potential premature failure of the 
wire at the connection point.

9 SUMMARY

The main objective of this paper was to investigate 
the feasibility and effectiveness of actively confining 
concrete using the SMA wires. The objective was 
approach by characterizing the material properties 

Figure 12. Test results of unconfined and SMA con-
fined concrete cylinders.

Figure 13. Failure mode of the SMA confined concrete 
cylinder.
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of the SMA wire and determining certain parameters 
such as the splicing connections and the heating sys-
tem required to achieve the innovative confinement 
technique. The test results of the conducted prelimi-
nary experimental investigation clearly showed the 
enhanced structural performance of SMA confined 
concrete over the unconfined concrete specimen. 
The outcome of this study verified the success of 
actively confining the concrete specimens with the 
SMA wires. Thus, the research study undertaken 
by the authors can be further progressed towards 
its main objective of investigating the behaviour of 
eccentrically loaded reinforced concrete columns 
actively confined using SMA wires.
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ABSTRACT: The Chillon Viaduct, built by prestressed box girder segmental construction, was con-
structed in the late 1960s. Recent examination of structural performance showed that punching of wheel 
loads through the deck slab is prevailing, though structural safety requirements currently can be fulfilled. 
Furthermore, the box girder concrete is prone to Alkali Silica Reaction (ASR). The chosen strengthen-
ing measure is adding a layer of ultra-high performance fiber reinforced concrete additionally reinforced 
with steel rebars (R-UHPFRC) on the top surface of the deck slab, also serving as waterproofing layer. 
This paper reports on full-scale tests up to failure on specimens representing zones between and above 
the girder webs, respectively. The goal was to determine the impact of the strengthening layer on ultimate 
resistance and failure modes. This paper is complemented by a second contribution on finite element 
analyses of the tested specimens.

with steel rebars (R-UHPFRC), on the top surface 
of the deck slab. Due to the R-UHPFRC layer, 
ultimate resistances in shear and bending and 
fatigue resistances of the deck slab were signifi-
cantly increased, exceeding the expected concrete 
strength reduction in the future. The UHPFRC 
layer also serves as waterproofing layer, leading 
to reduction of the concrete humidity and thus of 
further ASR development.

This paper reports on full-scale failure tests 
on specimens representing zones between and 
above the webs of the box girder, respectively. The 
goal was to verify the expected increase in ulti-
mate resistance due to the R-UHPFRC layer, as 
expected through analytical models. This paper is 
complemented by an additional paper (Sadouki 
et al. 2015) on finite element analyses for reproduc-
tion of test results.

2 FULL-SCALE TESTS

2.1 Objective

The mandate by the Swiss National Road Author-
ity FEDRO to the first author was to perform 
and evaluate failure tests on full-scale specimens 
representing potentially prevailing zones of the 
unstrengthened and the strengthened deck slab, 

1 INTRODUCTION

The twin Chillon Viaduct, situated next to the 
world-famous Chillon Castle on Swiss National 
Highway A9/E27 on the east end of Lake Geneva, 
was conceived by Jean Muller and designed by 
Jean-Claude Piguet. The viaduct was built in the 
late 1960s. The variable height box girder struc-
ture, spanning between 92 m and 104 m over a 
total length of 2’210 m, was built by prestressed 
segmental construction with epoxy-glued joints 
which was a world novelty at the time.

Recent examination of the structural perform-
ance showed that the prevailing failure mode at 
Ultimate Limit State (ULS) is punching of wheel 
loads through the only 18 cm thick deck slab, 
though structural safety requirements currently 
can be fulfilled. Further investigations revealed, 
however, that the concrete is prone to alkali silica 
reaction (ASR). The latter is expected to lead to 
concrete shear strength reduction in the future, 
with an adverse impact on punching resistance.

As the replacement of the waterproofing on the 
deck slabs was planned for 2014–15, its combina-
tion with a strengthening intervention was investi-
gated. The chosen strengthening consists in casting 
a 40 to 50 mm thin layer of ultra-high performance 
fiber reinforced concrete, additionally reinforced 
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including material tests. The primary objective of 
the full-scale tests was to determine the impact of 
the strengthening layer on ultimate resistance and 
failure modes, in particular with regard to punch-
ing failure.

Final layouts of test specimens and test set-ups 
were developed in close collaboration with the 
second author. Fabrication of test specimens was 
projected by the structural engineering company 
and the construction company mandated for the 
rehabilitation works on the viaduct.

2.2 Test specimens

2.2.1 Interaction of punching shear and bending
According to Swiss code SIA 262 (2013) and 
other international codes (e.g. fib MC 2010b) for 
concrete structures as well as underlying research 
(Muttoni et al. 2013), the punching resistance of 
a concrete slab without transverse reinforcement 
interacts with the exploitation of the available 
bending resistance. The deck slab of the Chillon 
Viaduct is reinforced with different rebar diam-
eters in the zones over the webs and in the zones 
between the webs of the box girder.

With this in mind, a test series A for slab speci-
mens submitted to positive bending and a test series 
B submitted to negative bending were performed. 
One test series consisted of three unstrengthened 
specimens (e.g. specimens As1 to As3) and three 
strengthened specimens (e.g. specimens B+1 to 
B+3), to explore variability of test results.

2.2.2 Simulating ASR effects
In agreement with the client, it was decided to sim-
ulate the expected adverse effects of ASR on con-
crete shear strength by producing test specimens 
with a reduced compressive strength, targeting a 
strength class C20 (fib MC 2010a).

2.2.3 Positive bending—test series A
Test series A was designed to represent the deck 
slab between the box girder webs submitted to 
positive bending moments. As the weight of the 
test specimens had to be limited due to lifting 
gear capacities at iTEC’s Structural Laboratory, 
the specimen width was selected to approximately 
represent a length of the real deck slab which is 
delimited by zero bending moments.

The test specimens are supported on two edges 
of 3 m length. The inferior reinforcement layer, 
governing for positive bending resistance, consists 
of ductility class B rebars (fib MC 2010a) Ø14 with 
125 mm spacing and a nominal concrete cover of 
20 mm. Longitudinal inferior reinforcement is Ø12 
with 125 mm spacing while superior reinforce-
ment layers are constructive (Ø10/250 and Ø8/250, 
respectively).

Figure 1 shows the specimen geometry including 
the R-UHPFRC strengthening layer. Note that the 
slab thickness of 18 cm is reduced by approx. 1 cm 
due to interface roughening by high-pressure jet-
ting. The strengthening layer is provided with only 
one transversal reinforcement layer of Ø12/125, 
put directly onto the slab face.

2.2.4 Negative bending—test series B
The specimens for test series B, representing the 
zones near the girder webs with negative bend-
ing moments, are produced on the same basis as 
series A. Figure 2 shows the geometry including 
the R-UHPFRC strengthening layer. Governing 
superior reinforcement of the deck slab consists of 
Ø16 rebars spaced at 125 mm with 20 mm nominal 
concrete cover.

These test specimens are supported on a line 
support at the middle of the slab only. The haunch 
represents the geometry of the real deck slab next 
to the webs.

2.2.5 Fabrication of test specimens
Concreting of the test specimens took place near 
the construction site, with the goal to simulate real-
istic on-site concreting conditions, Figure 3.

2.3 Material properties of test slab concrete

Mechanical properties of the test specimens were 
determined the same day as the full-scale test. 
Material properties of the reinforcement steel were 
not tested.

2.3.1 Compressive strength
Compressive strength of the test slab concrete was 
determined on four cylinders Ø150 mm and 300 mm 

Figure 1. Test series A specimens, dimensions in cm.

Figure 2. Test series B specimens, dimensions in cm.
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height per test slab. Table 1 shows the results where 
the characteristic compressive strength fck is deter-
mined according to Swiss Standard SIA 269/2 
(2011), where the average and minimum value have 
to be known (SN EN 13791 2007).

Apart from the last two specimens, the charac-
teristic concrete strength was below the targeted 
C20 grade (fib MC 2010a), section 2.2.2. The very 
low COVs indicate a consistent fabrication of test 
slabs.

2.3.2 Young’s modulus
Young’s modulus of the test slab concrete was 
determined on three cylinders Ø150 mm and 
300 mm height per test slab specimen, Table 2.

The average young’s modulus Ecm of  concrete is 
related to the average compressive strength fcm by.

E k fcmE E ck ff m
3

 
(1)

where kE = coefficient depending on the aggregate 
material (SIA 262 2013).

For alluvial gravel aggregates, kE varies between 
10’000 and 12’000 and for crushed lime aggregates, 
kE varies between 8’000 and 10’000 (SIA 262 2013). 
Considering the measured average values of com-
pressive strength, experimental values kE,epx vary 
between 7’900 and 9’500, Table 2, principally SIA 
262 (2013). The values tend to increase with age, 
i.e. for slab specimens B+. For test series As, A+ 
and Bs of comparable age, the experimental values 
of kE vary between 7’900 and 8’850. The low coef-
ficients of variation also confirm a homogenous 
test slab production.

2.3.3 Tensile strength
Tensile strength of test slab concrete was deter-
mined by double-punch test (Chen 1970) on four 
cylinders Ø150 mm and 150 mm height per slab 
specimen.

Average values vary between 2.1 MPa and 
2.7 MPa, COVs between 3% and 10%, also con-
firming a homogenous test slab production. In 
comparison to calculated values (fib MC 2010a), 
referring to compressive strength, the measured 
tensile strengths are 10% to 50% higher.

2.4 Material properties of UHPFRC

Quality control of the UHPFRC consisted in flex-
ural tensile and compressive strength testing.

2.4.1 Flexural tensile strength
Flexural tensile strength was determined 
in four-point bending tests on three prisms 
40 × 40 × 120 mm3 per test slab and was calculated 
according to elasticity theory of stresses, Table 3.

Figure 3. Concreting the R-UHPFRC strengthening 
layer.

Table 1. Test slab concrete compressive strength.

Specimen

Age AVG* COV** Min. fck***

Days MPa % MPa MPa

As1  44 21.0 3.1 20.1 13.0
As2  50 22.0 3.7 21.1 14.0
As3  55 23.1 3.1 22.5 15.1
A+1  48 19.9 3.3 19.2 11.9
A+2  54 20.6 1.6 20.4 12.6
A+3  60 21.3 3.5 20.2 13.3
Bs1  46 24.1 2.9 23.1 16.1
Bs2  53 27.0 1.5 26.6 19.0
Bs3  55 28.0 1.8 27.5 20.0
B+1 102 23.0 6.2 21.4 15.0
B+2 105 29.3 1.8 28.9 21.3
B+3 110 30.1 2.1 29.7 22.1

*average; **coefficient of variation; ***characteristic 
value.

Table 2. Young’s modulus of deck slab concrete.

Specimen

Age AVG COV kE,exp

Days MPa % –

As1  44 23’840 5.0 8640
As2  50 24’534 4.3 8755
As3  55 25’228 7.7 8860
A+1  48 22’067 3.5 8140
A+2  54 21’667 2.7 7905
A+3  60 22’076 0.9 7965
Bs1  46 25’153 2.2 8710
Bs2  53 26’118 4.3 8705
Bs3  55 26’761 3.4 8815
B+1 102 26’229 7.1 9225
B+2 105 29’093 2.8 9435
B+3 110 29’527 4.6 9490
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The average values correspond to a usual quality 
of UHPFRC but vary considerably from one spec-
imen to another; in particular, for specimen A+2. 
The coefficients of variation are rather high and 
imply an inhomogeneous fabrication quality.

This is explained by the rather stiff  (thixotropic) 
fresh UHPFRC that was used to withstand slopes 
of up to 7% on the viaduct. Such a mix needs to 
be cast using a finishing machine providing some 
vibration, as was done on the viaduct. However, 
the UHPFRC specimens were fabricated manually. 
They are thus not entirely representative for the 
UHPFRC cast on the viaduct, i.e., leading to lower 
strength values and significantly higher variability 
of results when compared to the corresponding 
values obtained during the on-site application.

2.4.2 Compressive strength
The measured compressive strength values of the 
UHPFRC are given in Table 4.

The average compressive strengths are at the 
upper limit of expected values of 150 MPa to 
200 MPa. The low coefficients of variation imply 
a rather good fabrication quality for this specimen 
geometry, seemingly less affected by the fabrica-
tion process than the smaller flexural specimens, 
section 2.4.1.

This confirms, one the one hand, the influence of 
the casting method applied with UHPFRC, in par-
ticular, in the case of thixotropic fresh properties, 

and on the other hand, the low variability of UHP-
FRC properties determined from test specimens if  
these are correctly fabricated.

2.5 Test set-ups

2.5.1 Positive bending
Test specimens A for positive bending are sup-
ported on neoprene strips on two edges, Figure 4. 
One concentrated force is applied at the upper face 
at mid-point of the test slab by a steel rod and a 
hydraulic jack anchored to the strong floor.

The concentrated force is applied on a 
0.4 × 0.4 m2 surface, simulating the contact surface 
of a wheel load (SIA 261 2014). The application 
device is designed such that it can follow local cur-
vatures, Figure 5.

Measurements, primarily targeting to follow the 
overall force—deflection response of test speci-
mens, include the force as well as vertical deflec-
tions at the centerlines of the supports and next to 
the force point at mid-span.

The tests were performed under actuator dis-
placement control at quasi-static displacement rate.

2.5.2 Negative bending
The test rig for specimens B, representing the deck 
slab zones next to the girder webs with negative 

Table 3. UHPFRC flexural tensile strength.

Specimen

Age AVG COV

Days MPa %

A+1  48 41.3 21.8
A+2  54 34.8 12.6
A+3  60 37.9 18.9
B+1 102 47.1  6.5
B+2 105 45.6  3.9
B+3 110 47.1 12.9

Table 4. UHPFRC compressive strength.

Specimen

Age AVG COV

Days MPa %

A+1 N/A
A+2  54 153 1.7
A+3  60 188 3.1
B+1 102 204 6.1
B+2 105 201 3.8
B+3 110 197 3.4

Figure 4. Test set-up for positive bending, dimensions 
in mm.

Figure 5. Device for introduction of concentrated 
force.
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bending, consists of a central line support with a 
neoprene strip and two concentrated forces applied 
symmetrically to the centerline, Figure 6. The force 
application devices are the same as in the positive 
bending tests.

The distance between the edge of the web 
haunch and the edge of the force corresponds the 
double of the effective slab depth. As the expected 
ultimate forces are considerably higher in this test 
series, each concentrated force is applied by two 
steel rods, each equipped with a hydraulic jack 
and connected by a force distribution steel profile 
which transfers the jack forces to the force applica-
tion device.

Measurements cover the applied forces as well 
as vertical deflections next to the web haunches, 
under the applied forces and at the free edges of 
the test slab.

3 TEST RESULTS AND COMPARISONS

The empirical evaluation of test results targeted 
at identifying the influence of the R-UHP-
FRC strengthening layer, in comparison to the 
unstrengthened specimens, on the overall structural 
behavior, ultimate resistance, failure modes, poten-
tial residual resistance and deformation capacity.

3.1 Test series A—inner slab zones

Figure 7 shows overall deformation behaviors of 
unstrengthened and strengthened specimens.

The failure mode of the unstrengthened speci-
mens As is associated with yielding of the flexu-
ral reinforcement followed by concrete crushing, 
i.e. a highly ductile rupture. Maximum forces Fu 
and associated mid-span deflections wu vary little, 
Table 5.

3.1.1 Effect of the R-UHPFRC layer
The overall responses of the strengthened speci-
mens show that specimen A+2 behaved quite dif-
ferently from the others, Figure 7(b).

It could be identified prior to the test that the 
strengthening layer was already delaminated, Fig-
ure 8, potentially due to insufficient preparation 
of the interface or inadequate UHPFRC quality. 
It was therefore decided to treat the associated test 
results with reserves, particularly with regard to 
recommendations to be formulated.

Specimens A+1 and A+3 behaved similarly. 
Ultimate bearing force is attained by delamina-
tion of the strengthening layer on large surfaces. 
It may be suspected that interface bond strength 
of specimen A+3 was of somewhat lower quality 
as the substrate concrete usually has a lower tensile 
strength than the bond strength at the interface.

Both specimens, A+1 and A+3, showed residual 
capacities associated with flexural failure of the 
test slab. The second drop in residual capacity is 
associated with interface rupture between concrete 
slab and strengthening layer over the remaining 
surfaces. Table 6 shows ultimate failure forces and 
associated mid-span deflections for test series A+.

Ultimate resistance is increased due to the UHP-
FRC strengthening layer by 61% (A+1), 19% (A+2) 
and 53% (A+3), respectively, in comparison to the 
average resistance of test series As.

Residual capacities amount to approximately 
90% of the ultimate force or 153% (A+1), 115% 
(A+2) and 137% (A+3), respectively, of the average 
ultimate force of the unstrengthened specimens.

Deformation capacity is assessed by the deflec-
tion associated with the respective ultimate force. 
Reference is made to a nominal deflection-to-span 
ratio of wu/L = 1/40 that may be considered as a 
ductile deformation behavior limit (SIA 262 2013). 
The average ultimate deflection of the unstrength-
ened specimens As shows good deformation capac-
ity (wu,avg = L/46).

For specimen A+1, the deformation capacity 
is slightly increased (wu = L/41) while it decreases 
considerably (wu = L/71) for specimen A+3. In the 
latter case, however, deformation capacity reduc-
tion is associated to premature delamination of 
the strengthening layer. Test specimen A+2 also 
shows a reduced deformation capacity (wu = L/64) 
at maximum force.

At attaining residual capacity, the strengthened 
specimens exhibit 164% (A+1), 96% (A+2) and 
106% (A+3), respectively, of the average deforma-
tion capacity of the reference specimens.

3.2 Test series B—slab zones adjacent to webs

Figure 9 shows the overall force—deflection 
response of unstrengthened and strengthened 
specimens, considering in each case the slab side 
where failure occurred.

Ultimate resistance of the unstrengthened speci-
mens was attained by tensile shear failure along an 

Figure 6. Test set-up for negative bending, dimensions 
in mm.
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inclined crack starting from the edge of the force 
introduction point and extending towards the edge 
of the web haunch, Figure 10.

Attaining maximum force was followed by a 
softening behavior, Figure 9(a). Ultimate force and 
associated deflection at force introduction points 
vary little, Table 7.

3.2.1 Effect of the R-UHPFRC layer
The overall responses of the strengthened speci-
mens were similar, Figure 9(b).

Reaching ultimate resistance was related to 
interface rupture between slab concrete and 
strengthening layer on extended surfaces, pre-
sumably by fracture in the concrete just below the 
UHPFRC layer where this failure usually takes 
place if  the interface surface is properly prepared 
and the UHPFRC has an appropriate consistency. 
At this stage, no sign of shear failure in the deck 
slab could be observed.

Post-peak behavior was of a softening type, fol-
lowed by a second drop in resistance capacity (at a 
deflection of approx. 25 mm) where a visible dela-
mination close to the strengthening layer could be 
observed. Increasing deflections beyond this point 
also resulted in a shear failure, as observed for As 
test specimens.

Ultimate resistances of test specimens B+ vary 
little but associated deflections at force introduc-
tion points show rather large variation, Table 8. 
This is also associated with a considerably stiffer 
response of these specimens at lower force levels, 
Figure 9(b).

Due to the UHPFRC strengthening layer, ulti-
mate resistance increased by 53% (B+1), 48% (B+2) 
and 55% (B+3), respectively, in comparison to the 
unstrengthened specimens As and vary little.

The deformation capacity of the unstrength-
ened specimens is rather small with wu/L = 1/187 
on the average. The strengthened specimens show 
reduced deformation capacity up to 50%.

Assessment of deformation capacity is refined 
as ultimate force values are increased considerably 
but failure is reached at similar deformation. Ref-
erence is made to a ductility index Ds = wu/wy where 
wy corresponds to a nominal yield deflection which 
is determined by scaling the deflection at 40% ulti-
mate force, considered to be the end of the elastic 
stage, to the ultimate force level. The higher the 
ductility index, the more important is the defor-
mation capacity. Often, a minimum of Ds = 3 is 
required for ductile structural behavior.

Table 5. Maximum force and deflection of specimens 
As.

Specimen As1 As2 As3 AVG COV

Fu kN 403 412 401 405 1.4%
wu mm 58.0 63.1 66.7 62.6 7.0%

Figure 7. Overall force—deflection response of test specimens A – (a) unstrengthened and (b) strengthened 
specimens.

Figure 8. Delamination of R-UHPFRC layer prior to 
testing.

Table 6. Maximum force and deflection of specimens 
A+.

Specimen A+1 A+2 A+3

Fu kN 653 483 619
wu mm 71.2 45.0 40.6
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With this approach, Ds = 1.56 is found on the 
average for the unstrengthened specimens Bs. 
The strengthening layer applied in test series 
B+ changes ductility indices to Ds = 1.30 (B+1), 
Ds = 1.85 (B+2) and Ds = 1.74 (B+3), respectively, 
corresponding to a decrease of  17% for specimen 
B+1, and increases of  18% (B+2) and 12% (B+3) 
for specimens B+2 and B+3, respectively. Applying 
the strengthening layer improves ductility of  the 
slab to some extent but deformation capacity still 
remains limited.

4 CONCLUSIONS AND OUTLOOK

The results of this study allowed to give the fol-
lowing conclusions and recommendations to the 
client:

4.1 General conclusions

− Punching failure could not be observed in any of 
the tests.

− Failure forces of the unstrengthened specimens 
vary between about 400 kN and 480 kN which 
are about three times the characteristic value of 
wheel loads as given by codes.

− Casting a 40 mm layer of reinforced UHPFRC 
increases ultimate resistance by at least 50%, 
provided that the interface is properly prepared 
and that the stiffness of the fresh UHPFRC mix 
is appropriately chosen.

− Since failure modes in the tests were associated 
to premature delamination of the strengthening 
layer, improved resistance would be obtained by 
proper preparation of the interface.

4.2 Failure at inner slab zones

− Slab zones between the box girder webs, submit-
ted to positive bending moments, fail with mod-
erate to normal ductility, i.e. announcing failure 
by major deflections.

− Residual resistance capacity of strengthened 
inner slab zones is still considerably higher 
than that of unstrengthened. Bending failure is 
observed, preceded by major deformations.

4.3 Failure in slab zones adjacent to girder webs

− Slab zones adjacent to girder webs, submit-
ted to negative bending moments, show lim-
ited deformation capacity, strengthened or 
unstrengthened.

Figure 9. Overall force—deflection response of test specimens B – (a) unstrengthened and (b) strengthened 
specimens.

Table 7. Maximum force and deflection of specimens 
Bs.

Specimen Bs1 Bs2 Bs3 AVG COV

Fu kN 460 483 493 479 3.5%
wu mm 13.6 11.5 13.6 12.9 9.3%

Figure 10. Shear failure of test specimens Bs.

Table 8. Maximum force and deflection of specimens 
B+.

Specimen B+1 B+2 B+3 AVG COV

Fu kN 733 710 741 728 2.2%
wu mm 9.1 9.2 12.5 10.3 19%
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− In unstrengthened slab zones, failure is asso-
ciated with shear failure in an inclined crack 
through the substrate concrete slab.

− In strengthened slab zones, failure is related to 
R-UHPFRC layer delamination. No sign of 
shear failure of the substrate concrete slab could 
be observed at this stage.

− Deformation capacity (ductility) is slightly 
improved by the presence of the R-UHPFRC 
strengthening layer.

4.4 Outlook

The full-scale tests confirmed that also an 
unstrengthened slab undergoing strength reduc-
tion due to ASR would not fail by punching of 
a wheel load. Furthermore, this kind of failure 
would only imply local damage to the slab which 
could be rehabilitated relatively easy.

Nevertheless, the client decided to strengthen the 
deck slabs of the Chillon Viaduct by means of an 
R-UHPFRC layer due the following advantages:

− The strengthening layer also serves as a water-
proofing layer.

− The R-UHPFRC strengthening considerably 
increases the flexural stiffness of the deck slab, 
thereby reducing fatigue stresses in the (potentially 
ASR-affected) concrete and the reinforcing bars.

− The strengthening layer also provides a strength 
reserve for future traffic development and axle 
loads.

− In view of future interventions to rehabilitate 
and improve further highway bridges, the UHP-
FRC works on the Chillon Viaduct allowed to 
gain important experience.

Casting of the R-UHPFRC strengthening layer 
on the 2.1 km long Chillon Viaduct was performed 
during five weeks, ending in September 2014. 
Structural design of the R-UHPFRC strength-
ening was performed using analytical resistance 
models which were validated by non-linear finite 
element modelling, see Sadouki et al. (2015), in 
turn being calibrated to the present test results.
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ABSTRACT: Recent examination of structural performance of the Chillon Viaduct in Switzerland 
built in 1969, showed that punching failure mode of the deck slab is prevailing, though structural safety 
requirements currently can be fulfilled. Since the concrete is prone to Alkali Aggregate Reaction (AAR), 
the viaduct was strengthened by adding a layer of ultra-high performance fiber reinforced cement com-
posite material additionally reinforced with steel rebars (R-UHPFRC) on the top surface of the deck 
slab. To validate the strengthening method, full-scale tests up to failure on specimens representing zones 
between and above the girder webs were conducted, as presented in a companion paper. This full paper 
reports on the results from non-linear Finite-Element Analysis (FEA) of the experimental results, target-
ing at verifying the effectiveness of the strengthening method using R-UHPFRC and at calibrating the 
FEA model with respect to the verification of the ultimate resistance and the structural safety level of the 
strengthened deck slab of the Chillon Viaduct. It is shown that 3D FE-analysis effectively simulates with 
sufficient accuracy the structural behavior of the tested slab elements.

mechanical properties, namely high tensile and 
compressive strengths and a its important defor-
mation capacity due to the high amount of incor-
porated steel fibres in the cement-based matrix of 
the material, as well as (2) by its very low poros-
ity implying minimized moisture exchange and 
ingress of aggressive chemical substances such as 
chloride ions from the surrounding atmosphere. 
Consequently, the latter property (low porosity) 
will have beneficial effects on a further evolution 
of the AAR (because of lack of water supplies) 
and on corrosion of reinforcement of steel rebars 
(Brühwiler & Denarié, 2008).

To validate this novel strengthening method, an 
experimental program has been carried out includ-
ing a series of full-scale tests on instrumented 
composite RC – R-UHPFRC slab elements repre-
senting zones between and above the girder webs 
of the viaduct (Zwicky D. et al., 2013). Main test 
results are presented in a companion paper to this 
conference (Zwicky & Brühwiler, 2015).

The present paper reports mainly on the 
results of  numerical simulation of  the tests as 
obtained by non-linear finite-element analysis 
(FEA) targeting at verifying the effectiveness of 

1 INTRODUCTION

The Chillon Viaduct located on the Swiss National 
Highway on the East end of the Lake of Geneva, 
was constructed in the late 1960s. Recent struc-
tural assessment showed that the governing failure 
mode at Ultimate Limit Sate (ULS) is punching 
of wheel loads through the 18 cm thin deck slab, 
though structural safety requirements currently 
can be fulfilled.

Further investigations revealed that the con-
crete is prone to alkali aggregate reaction (AAR). 
The latter is expected to lead to significant con-
crete strength reduction in the future, with an 
associated reduction in punching shear resistance. 
After devising different measures for strength-
ening the structure, it has been decided to con-
solidate the viaduct by adding, on the previously 
hydro-jetted top surfaces of  deck slabs, a 40 to 
50 mm thick layer of  Ultra High Performance 
Fiber Reinforced cement-based Composite mate-
rial (UHPFRC) which is additionally reinforced 
by steel rebars.

The choice of UHPFRC as a strengthening 
material, was motivated (1) by its outstanding 
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the strengthening method using R-UHPFRC and 
at calibrating the FEA model with regard to the 
verification of  the ultimate resistance and struc-
tural safety of  the strengthened deck slab of  the 
viaduct.

2 BRIEF DESCRIPTION OF THE 
EXPERIMENTAL PROGRAM

For an easy reference in the rest of the sequel, 
the experimental program is briefly described in 
this paper: Full details are given in the test report 
(Zwicky et al., 2013) and in the companion paper 
(Zwicky & Brühwiler, 2015).

Two series of nearly square-shaped (3.0 × 2.8 m) 
slabs were tested. Series A (positive flexure mode of 
the slab between the two webs of the viaduct’s box 
girder) consisted in 3 composite RC – R-UHPFRC 
slabs linearly supported at two opposite sides, as 
shown in Figure 1 A. The force acted at the center 
of the slab until failure.

While in case of series B (negative flexure mode 
referring to transverse cantilever slab bending), the 
3 composite slabs are linearly supported along the 
center line, as shown in Figure 1B, and loading was 
performed by applying two symmetrical concen-
trated forces, each one located in the center of the 
half  part of the slab.

In parallel, in order to determine the ultimate 
resistance of the un-strengthened slab and to com-
pare with UHPFRC-strengthened slabs, for both 
test series, three companion monolithic RC slabs 
were also tested.

Deflections and local deformations as func-
tion of measured force were recorded at different 
locations.

3 FINITE ELEMENT MODELLING

A three dimensional non-linear finite element was 
used for analyzing the structural behaviour of the 
tested slabs. Finite volume elements (brick ele-
ments) with 20 nodes were employed to represent 

the geometry of the structure, consisting of RC 
monolithic slab elements and composite R-UHP-
FRC – RC slab elements, steel loading plates and 
supporting beams. The model was elaborated using 
the non-linear finite element analysis software 
DIANA (DIANA, 2010) with its graphical pre—
and post-processors FEMGEM and FEMVIEW, 
respectively. The validation of the FE model was 
accomplished by comparison of numerical results 
with those recorded from instrumented test speci-
mens (Zwicky et al., 2013), [(Zwicky & Brühwiler, 
2015).

Taking advantage of  the two-way symmetry 
of  the all slab elements, namely, geometry of 
the slabs, supporting beams, loading setup and 
boundary conditions, a quarter only of  the speci-
mens was modeled. Figure 2 shows the FE mesh 
of  a typical R-UHPFRC – RC slab element of 
Series A, supporting beam and bearing steel plate 
(left-side of  the figure) and the adopted finite 
element type. A perfect connection between the 
concrete substrate and the UHPFRC overlay was 
assumed in the model; this assumption is fully 
justified by the fact that experimental evidence 
reveals that delamination of  the UHPFRC layer 
does not occur provided that the surface of  the 
substrate was prepared according to common 
rules before casting the UHPFRC. In fact, if  the 
tensile strength of  the UHPFRC and of  the inter-
face between UHPFRC and substrate concrete is 
larger than the tensile strength of  the substrate, 
any cracking mechanism in the post-peak regime 
of  R-UHPFRC – RC specimens would occur in 
the bulk material of  the concrete substrate under-
neath the interface.

Boundary conditions were defined as follows: 
nodal displacements on the planes of  symmetry 
AA’BB’ and BB’G’F’C’C were restrained in the 
normal directions to their respective surfaces. 
All nodal displacements of  the basis of  the sup-
porting beam were restrained in y-axis (direc-
tion of  gravity). Loading has been carried out 
by imposing an incremental vertical force on the 
central node of  the steel loading plate (point B in 
Figure 2).

Figure 1. Cross section views of the geometry of the R-UHPFRC/R-C composite slabs for series A and B; dimen-
sions in cm (Zwicky et al., 2013).
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4 CONSTITUTIVE MODEL FOR 
CONCRETE AND UHPFRC

Crack formation and propagation is undeniably 
the most important non-linear phenomenon in 
concrete structures. A great deal of effort has been 
dedicated in the past years to develop realistic frac-
ture mechanics models and to implement them 
in computer FE-codes for predicting behavior of 
concrete structures subjected to complex mechani-
cal and/or physical conditions.

Generally two approaches are often used in 
finite element codes to model crack propagation 
in the tensile regime in concrete and cement-based 
materials, namely the discrete and smeared crack 
concept (Bazant & Planas, 1998; Rashid, 1968; 
Rots, 1991; Rots & Blauwendraad, 1989). The first 
concept models a crack as a geometrical disconti-
nuity, whereas the second one assumes a cracked 
element to be a continuum, but with modified 
material properties.

Discrete crack concept reflects more realisti-
cally the cracking phenomenon (discontinuity in 
the continuum, local separation in two surfaces) 
but it is laborious numerically if  the crack path is 
not known in advance. This is generally the case 
in most concrete structures. Owing to the non-
predefined crack path, nodes of FE-mesh at which 
tensile stress exceeds a given threshold must be dis-
connected from the original mesh and new nodes 
must be created in the damaged area. Thus, the 
main disadvantage of the discrete crack approach 
is that the topology of the FE mesh changes con-
tinuously as the crack (or cracks) propagates. Con-
sequently permanent re-meshing of the structure 
is required.

The smeared crack approach assumes that the 
cracked element remains as a continuum. This 

allows for a description in terms of tensile stress-
strain relation (including strain-hardening and 
strain-softening). The concept is very attractive 
not only because it preserves the topology of the 
original FE mesh, but also it does not impose 
restrictions with respect to the crack orientation of 
the crack planes (Rots & Blauwendraad, 1989). A 
crack initiates as soon as tensile stress at a given 
point, reaches the tensile strength of the material. 
The latter concept was used in the present analysis. 
In addition, the “multidirectional non-orthogonal 
crack” version elaborated by (De Borst and Nauta, 
1985) was applied. In this approach, several cracks 
are allowed to form at the same integration point 
with a given threshold angle between cracks.

The total strain ε is decomposed into an elastic 
part εe and an inelastic part (crack strain) εcra, as 
formulated by Eq.(1) This decomposition is illus-
trated in Figure 3 for a typical UHPFRC under-
going strain-hardening and strain-softening. Also 
secant unloading and reloading methods adopted 
in the model are depicted in the same figure.

ε = εe + εcra  (1)

This decomposition approach has many advan-
tages, because other important nonlinear phenom-
ena, such as creep or relaxation (εcre), temperature 
variation (εT), drying and/or endogenous shrink-
age and swelling due to an expansive reaction (e.g. 
Alkali-Aggregate-Reaction (AAR)) (εshr,sw) can eas-
ily be introduced in decomposition as formulated 
in Eq. (2).

ε = εe + εcra + εcre + εT + εshr,sw (2)

These advantages are very important for ana-
lyzing the structural behavior of real concrete 

Figure 2. 3D FE-model (one quarter of the full slab): geometry, mesh, loading setup, support and boundary condi-
tions (left-side) and the 20-nodded brick finite element used in the mesh (right-side).
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structures, such as the Chillon Viaduct, by taking 
into account not only its interaction with surround-
ing atmosphere (temperature, relative humidity, 
chemical substances) but also the influence of other 
phenomena such as swelling induced by AAR.

5 MATERIAL PROPERTIES USED IN THE 
MODEL

Material laws of concrete of the monolithic RC-
slabs and of the substrate of the composite slabs 
which were used in the numerical simulations are 
given in Figure 4a, while those of the UHPFRC 
(named H707) are depicted in Figure 4b. In order to 
achieve the best agreement between numerical and 
experimental force-deflection responses, material 
properties introduced in the analyses were slightly 
different from those measured (Zwicky et al. 2013), 

[(Zwicky & Brühwiler, 2015). A value of 0.2 for the 
Poisson’s ratio was taken for both materials.

Young’s modulus and Poisson’s ratio of all steel 
rebars were set to 210 GPa and 0.3, respectively. 
Yield strength for steel reinforcement rebars was 
set to 500 MPa. Rebars were assumed perfectly 
adherent to the surrounding material and follow-
ing an elastic-plastic constitutive law taking hard-
ening into account.

6 NUMERICAL RESULTS AND MODEL 
APPRAISAL

6.1 Slabs of Series A (positive bending)

Typical stress distributions in composite slabs 
(series A) in the linear elastic regime (before onset 
of crack formation) are shown in Figure 5. Stresses 

Figure 3. Subdivision of the tensile stress-strain diagram of a typical UHPFRC in its elastic domain (before onset of 
cracking) and its hardening-softening domain. Blue arrows represent the secant unloading and reloading.

Figure 4. (a) Total tensile stress-strain diagram of the concrete; (b) tensile elastic and hardening stress-strain part and 
tensile stress-softening part of the UHPFRC (H707).
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are expressed in N/mm2, (positive sign: tension, 
negative sign: compression). Figure 5a shows stress 
distribution of the bottom (concrete substrate) of 
the quarter composite slab which is in the tensile 
regime. Highest tensile stresses are localized in the 
central zone under the force, while the top face 
(UHPFRC-overlay) is in a state of compression, as 
shown in Figure 5b.

Figure 6 shows a comparison between the com-
puted and experimental force-deflection responses 
of the three monolithic R-concrete slabs of series 
A (grey dashed curves) and the slab response pre-
dicted by the numerical model (black solid curve). 
We can notice that the model gives the expected 
good agreement between simulated and measured 
force-deflection curves.

In the simulation, the ULS (ultimate limit state) 
is defined as the last converged force step. At this 
loading stage, no more convergence of the numeri-
cal solution could be achieved even by using much 
smaller force-steps or by enhancing the conver-
gence criteria.

Figure 7 shows the comparison between the 
measured force-deflection curves (grey dashed 
curves) of the three composite slabs (series A) and 
the simulated one (black solid curve).

Firstly, we can observe significant differences in 
the experimental force-deflection responses of the 
three specimens. Slabs A1 and A3 show a similar 
behaviour until a deflection of roughly 40 mm, 

Figure 5. Stress distributions in linear elastic regime; (a) bottom face in traction, (b) top in compression; figures are 
shown in an exaggerated deformed shape.

Figure 6. Comparison between experimental force-de-
flection curves of the three monolithic RC slabs (series 
A) (grey dashed curves) and the predicted one by the 
numerical model (black solid curve). Figure 7. Comparison between experimental force-de-

flection curves of the three RC/R-UHPFRC composite 
slabs (series A) (grey dashed curves) and the predicted 
one by the numerical model (black solid curve).
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then a sudden drop of the force arises at a deflec-
tion of 73 mm for the slab A1 and of 45 mm for the 
slab A3. This abrupt drop was induced by a sud-
den detachment of the UHPFRC-overlay which 
was due to improper UHPFRC casting on the sub-
strate prepared by high pressure water jet, as iden-
tified after the test. Slab A2 shows a much lower 
structural response throughout the test. Again, 
this was due to insufficient or inexistent bond 
between concrete and UHPFRC due to improper 
UHPFRC casting. Consequently, Test A2 had to 
be discarded.

Compared to the experimental results, the com-
puted force-deflection curve underestimates the 
force values by about 15% while the deflection val-
ues are well predicted.

Overall, numerical results show that strengthen-
ing slabs by means of UHPFRC increases the peak 
force by 45%, while experimental test revealed an 
increase of 47% (based on the mean value of the 
three specimens). The increase in resistance due to 
the UHPFRC-reinforcing layer is significant.

Figure 8 shows crack patterns obtained by the 
numerical model; cracking is represented by crack-
strain distribution (coloured small bars). This pic-
ture is retreated by superimposing red-hick dashed 
lines on the crack-strain distribution, in order to 
highlight major flexural macrocracks. A good 
degree of similarity was observed between pre-
dicted and experimental crack patterns.

6.2 Slabs of Series B (negative bending)

The force-displacement response obtained by the 
numerical model for monolithic RC slabs subjected 
to negative bending (series B) is shown in Figure 9 
by the solid black curve. For comparison, the 
recorded experimental responses obtained from 

the 3 monolithic RC-slabs are given in the same 
figure.

In the pre-peak regime, the predicted curve 
exhibits a slightly stiffer behaviour than the experi-
mental ones. In the post-peak regime, the predicted 
response shows a rather ductile behavior, while the 
recorded experimental post-peak responses show 
rather rapid force-drop after reaching the ultimate 
resistance.

Anyway, a good agreement is achieved between 
the predicted ultimate resistance (495 kN) and the 
mean experimental value (479 kN).

Figure 10 gives a comparison between the 
numerical and experimental force-deflection 
responses of the RC/UHPFRC composite slabs of 
series B.

The computed peak-force (848 kN) is found to 
be 16% higher than the mean experimental value 
(728 kN). Compared to the experimental results, 
the computed force-deflection curve overestimates 
the force values while the deflection values are well 
predicted.

Figure 11 shows the resulting 3D crack-opening 
distribution in the post-peak domain, for an imposed 
deflection of 20 mm (corresponding to a force of 
570 kN, see Figure 10). Red and green coloured 
symbols correspond to cracks with large openings; 
while blue coloured symbols represent micro-cracks 
with a very small opening or cracks in unloading 
state (see Figure 3) or even closed cracks.

Figure 12 gives a side view of the crack open-
ing distribution of the corner (2-3-4-4’) of the 

Figure 8. Crack pattern of analysed composite slab 
(series A).

Figure 9. Comparison between experimental force-de-
flection curves of the three RC monolithic slabs (series B) 
(grey solid curves for the left part of slabs and grey dashed 
for the right part) and the predicted one by the numerical 
model (black solid curve).
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composite slab. Three dominant oblique cracks are 
distinguished; they are highlighted by solid blue 
lines. This cracking stage corresponds to force and 
deflection values identical to those of Figure 11 
(post-peak domain). It must be outlined that these 
cracks started to form already in pre-peak regime.

Overall, numerical results show that strengthen-
ing of the slab elements by means of UHPFRC 
increases the peak force by 45%, while experimen-
tal test revealed an increase of 47% (based on the 
mean value of the three specimens). The increase 
in resistance due to the UHPFRC-reinforcing layer 
is significant

7 CONCLUSIONS

The strengthening method of bridge deck slabs 
by means of an UHPFRC overlay has been vali-
dated by a specific experimental program which is 
presented in a companion contribution (Zwicky & 
Brühwiler, 2015). This paper presents results of a 
non-linear finite element analysis of the structural 
and cracking behavior of composite UHPFRC/
concrete slabs subjected to loading similar to load-
ing of real bridge decks.

The results of the non-linear 3D-numerical 
modelling of three monolithic concrete slabs and 
three UHPFRC/concrete composite slabs show 
good agreement between experimental findings 
and the slab response as obtained by the numerical 
model, both in terms of force-deflection responses 
and cracking patterns. The model confirms that 
the failure is essentially governed by the flexural 
mode, as observed experimentally.

In accordance with the experimental results, the 
computed results show that the UHPFRC layer 
increases significantly the resistance of concrete 
slabs.

In summary, 3D FE-analysis has proven to 
effectively simulate with sufficient accuracy the 
structural behavior of the tested slab elements.

This numerical model can be further used to 
explore the structural behavior of structures like 
bridges or industrial buildings subjected to dif-
ferent loadings and environmental conditions like 
temperature variation, creep/relaxation, drying 
shrinkage, alkali silica reaction-induced swelling 
or ageing effects. This validated model was used 
to design the strengthening of the deck slab of the 
Chillon Viaducts.
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Figure 10. Comparison between experimental force-
deflection curves of the three RC/UHPFRC composite 
slabs (series B) (grey solid curves for the left part of slabs 
and grey dashed for the right part) and the predicted one 
by the numerical model (black solid curve).

Figure 11. Perspective representation of the crack 
opening distributions (composite slab series B, deformed 
shape) in the post-peak domain (force = 570kN, deflec-
tion = 20 mm (see Fig. 10).

Figure 12. Visualisation of crack pattern of the corner 
of the composite slab (series B), at the same force level 
as in Fig.11.
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ABSTRACT: The efficiency of the technique of strengthening existing structures using Ultra High 
Performance Fibre Reinforced Concrete (UHPFRC) has been investigated in this study. The uniaxial 
stress-strain relationship in tension and the compressive strength characteristics have been determined by 
direct tensile and compressive tests respectively. These results have been used for the constitutive model-
ling of UHPFRC. The model in tension is consisted of several linear parts, including strain hardening 
followed by a significant post crack energy absorption softening branch. Finite Element method has been 
used for the modelling of strengthened reinforced concrete beams with UHPFRC layers and a parametric 
study has been conducted on beams strengthened with UHPFRC layers and jackets. The efficiency of this 
technique is highlighted and the performance of strengthened beams with UHPFRC layers is compared 
to respective specimens strengthened with additional concrete layers reinforced with steel bars.

by superior mechanical properties. Kang et al. 
(2010) and Yoo et al. (2013) examined the effect 
of the steel fibers amount on the flexural strength 
of UHPFRC and it was found that the flexural 
strength increased with the fiber volume ratio 
while the ductility was decreased. Kang et al. 
(2010) presented an inverse analysis to determine 
the tensile fracture model of UHPFRC and a tri-
linear tensile fracture model of UHPFRC tensile 
softening model is proposed. The orientation and 
distribution of the fibres in the mix is an important 
parameter for the mechanical properties of UHP-
FRC. Kang & Kim (2011) investigated the effect 
of the fiber orientation on the tensile behavior of 
UHPFRC. Theoretical approach was presented 
together with direct tensile tests and the pre and 
post-cracking tensile behaviour of UHPFRC was 
examined. According to this study (Kang & Kim 
2011) the effect of the fiber orientation distribu-
tion was found to be negligible in the pre-cracking 
behaviour, but this significantly affected the post-
cracking behaviour (Kang & Kim 2011).

There are very limited studies on the application 
of UHPFRC for the earthquake strengthening of 
existing structures (Farhat et al. 2007, Bruhwiller 
& Denarie 2008). Farhat et al. (2007) investigated 
the shrinkage, the thermal cycling, and the fatigue 
of UHPFRC used for the retrofitting of concrete 
beams. The volume of fibres in this research (Farhat 
et al. 2007) was high (8%) which deviates from the 

1 INTRODUCTION

The addition of reinforced concrete layers and 
jackets for the earthquake strengthening of exist-
ing beams and columns is one of the most com-
monly used techniques in earthquake prone areas. 
This application can considerably improve the 
strength and stiffness of existing elements. There 
are several published experimental and theoreti-
cal studies where the behaviour of strengthened 
beams has been investigated (Trikha et al. 1991, 
Cheong & MacAlevey 2000, Altun 2004, Tsioulou 
& Dritsos 2011, Tsioulou et al. 2013). In case of 
elements strengthened with additional concrete 
layers, an important parameter which affects the 
durability and the performance of the strength-
ened elements is the concrete shrinkage of the new 
concrete (Yuan & Marosszeky 1994, Silfwerbrand 
1997, Denarie & Silfwerbrand 2004, Abbasnia 
et al. 2005, Beushausen & Alexander 2006, Beush-
ausen & Alexander 2007, Zhou J. et al. 2008, Lam-
propoulos et al. 2012). The use of UHPFRC could 
potentially provide improved durability and resist-
ance due to the superior mechanical properties and 
due to the reduced shrinkage strain values.

The main aim of the current study is to inves-
tigate the performance of strengthened elements 
with UHPFRC. Ultra High Performance Fiber 
Reinforced Concrete is a relative new cementitious 
material with high steel fibre content characterized 
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quantity normally used in UHPFRC. The results 
indicated that due to the high volume of the fibres 
in the mix, the cyclic thermal loading did not affect 
the mechanical properties. Farhat et al. (2007) used 
epoxy based adhesive to bond the strips to the ini-
tial specimens. Shear failure was prevented and the 
failure load was increased up to 86%. Bruhwiller 
& Denarie (2008) examined various other appli-
cations of UHPFRC. UHPFRC was used for the 
rehabilitation of a crash barrier wall of a highway 
bridge, a bridge pier and industrial floors.

From the existing literature, even if  the applica-
tion of UHPFRC for the strengthening of struc-
tures seems to be a quite promising technique, 
the performance of strengthened with UHPFRC 
elements has not been extensively studied. In the 
present study, experimental data have been used 
for the numerical modelling of UHPFRC, and the 
results of a numerical parametric study on strength-
ened beams will be presented. The performance 
of the strengthened with UHPFRC elements are 
compared to respective elements strengthened with 
additional RC layers and the efficiency of additional 
UHPFRC layers and/or jackets is highlighted.

2 BEAMS STRENGTHENED WITH 
ADDITIONAL RC CONCRETE LAYERS

2.1 Experimental investigation

In the current study the results of a previous exper-
imental investigation on beams strengthened with 
additional reinforced concrete layers (Tsioulou 
et al. 2013) have been used. The initial beams have a 
length of 2200 mm and rectangular cross section of 
150 mm by 250 mm. The reinforcement consists of 
2H12 B500 in the tensile side with a cover of 25 mm. 
Strengthening has been performed by adding a new 
concrete layer of 50 mm thickness in the tensile side 
with 2H12 B500 and concrete cover of 25 mm. The 
additional concrete layer has been placed along the 
whole length of the beam and the interface between 
the old and the new concrete has been roughened 
using an air chipping hammer (Figure 1).

In this study (Tsioulou et al. 2013), the effect of 
the interface treatment has been examined and it 
has been proved that the performance of the speci-
mens with adequate interface treatment is consid-
erably improved compared to the response of the 
initial beam. The load deflection results of the Ini-
tial Beam (IB) and the strengthened beam with a 
RC layer and a well roughened interface (STL_RC) 
are presented in figure 2.

Based on these results, the maximum load 
capacity of the strengthened specimen is signifi-
cantly increased and the yield load has been found 
to be 223% of initials’ beam yield load (Tsioulou 
et al. 2013).

2.2 Numerical analysis of strengthened beams 
with RC layers

In this section, the results of the numerical investi-
gation of the initial beam (IB) and the strengthened 
beam with RC layer (STL_RC) are presented. 
Finite element software ATENA (Cervenka et al. 
2013) has been used and the concrete has been sim-
ulated with an eight-node element, with nonlinear 
behaviour and softening branches in both tension 
and compression. The model proposed by CEB-
FIP Model Code 1990 (1993) has been adopted for 
the modelling of concrete in compression. In ten-
sion, linear ascending branch and exponential sof-
tening branch based on the fracture energy needed 
to create a unit area of a stress free crack has been 
used (Cervenka et al. 2013). For the simulation of 
steel bars, linear elements with bilinear behaviour 
have been used. The interface has been simulated 
with special 2D contact elements with a coefficient 
of friction equal to 1.5 and cohesion 1.9 MPa. The 
shrinkage effect has not been taken into account in 
this study. The numerical model of concrete, steel 
reinforcement, and beam-layer interface are pre-
sented in figure 3.

Figure 1. Geometry of beams strengthened with addi-
tional reinforced concrete layer (Tsioulou et al. 2013).

Figure 2. Load displacement results of the strength-
ened and the initial beams (Tsioulou et al. 2013).
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Analyses have been performed for the strength-
ened beam with additional reinforced concrete 
layer in the tensile side (STL_RC) and the Initial 
Beam (IB), and the results are compared to the 
respective experimental (Figure 4).

The results indicate that the numerical model 
can accurately predict the response of both the ini-
tial and the strengthened beam. The same method 
will be used for the numerical modeling of the 
strengthened specimens with UHPFRC.

3 BEAMS STRENGTHENED WITH 
ADDITIONAL UHPFRC LAYER/JACKET

3.1 UHPFRC Material preparation

UHPFRC is a material with enhanced strength in 
tension and compression and significantly high 
energy absorption in the post-cracking region. 
Its mix composition is not much dissimilar from 
that of normal strength concrete. One of the main 
characteristics of UHPFRC is the enhanced homo-
geneity which is achieved by using only fine aggre-

gates. In the mix design of the present study silica 
sand with maximum size of particles of 500 μm 
has been used together with silica fume in order 
to improve the rheological properties. A high steel 
fibre content has been used (3%), which is equiva-
lent to the steel reinforced of specimen (STL_RC) 
for layer of 50 mm thickness.

The mix design is presented in Table 1 and this 
is based on a previous experimental investigation 
(Hassan et al. 2012).

For the preparation of UHPFRC the dry ingre-
dients were mixed first for 3 minutes, then the water 
and the superplasticizer were added to the mix and 
at the end the steel fibers were added gradually. 
The specimens were cured in a steam curing tank 
at 90°C for 3 days.

3.2 Compressive and direct tensile tests and 
numerical modeling

The standard cube compressive tests have been 
conducted and the compressive strength was 
found to be equal to 164 MPa. For the tensile 
strength, direct tensile tests have been carried out 
(Figure 5).

The tests have been performed under dis-
placement control and a constant loading rate 
of 0.007 mm/sec has been used. The strain/crack 
opening have been measured using LVDT over a 
gauge length of 105 mm. A number of 6 identi-
cal specimens have been tested under tension and 
these results together with the average stress–strain 
curve are presented in figure 6.

For the numerical modelling of UHPFRC, 
finite element software ATENA has been used 
(Cervenka et al. 2013). The material properties 
adopted in the models are based on the experi-
mental results of compressive and tensile tests. A 
compressive strength of 164 MPa and modulus of 
elasticity equal to 57.5 GPa have been used. The 
model in tension is linear up to a tensile strength of 
11.5 MPa and, after the end of the elastic part, the 
stress-strain presented in figure 7 has been adopted 
for a characteristic size equal to 2 mm.

Figure 3. Numerical models for the simulation of con-
crete, steel and interface.

Figure 4. Numerical versus experimental results for IB 
and STL_RC.

Table 1. Mix design for UHPFRC (Hassan et al. 2012).

Material 
Mix proportions
(kg/m3)

Cement (52.5 N)  657
GGBS  418
Silica fume  119
Silica Sand 1051
Superplasticizers   59
Water  185
3% Steel fibres (13 mm length and 

0.16 mm diameter) 
 236
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The numerical model and the strain and crack 
distribution at the maximum load value are pre-
sented in figure 8.

The results of the analyses are compared to the 
experimental results of the dog bone specimens 
and the results are presented in figure 9.

It is evident from the results presented in 
figure 9 that the numerical model described in 
the current section can accurately predict the 
response of  UHPFRC under tension. This model 
has been adopted for the numerical modeling 
of  the strengthened with UHPFRC layer/jacket 
beams.

Figure 5. Experimental setup for the direct tensile test-
ing of dog-bone specimens.

Figure 6. Stress-strain experimental results of direct 
tensile tests.

Figure 7. Tensile stress strain behavior adopted in the 
numerical model for the simulation of UHPFRC.

Figure 8. Finite element model and strain/crack distri-
bution in the direct tensile test specimens.

Figure 9. Numerical versus experimental results for the 
direct tensile tests.
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3.3 Numerical modelling of the strengthened 
beams with UHPFRC layer and three side 
jackets

For the numerical modelling of the initial beams, 
the same procedure with the investigation pre-
sented in section 2.2 has been used. For the sim-
ulation of the additional UHPFRC layer, the 
material properties presented in section 3.2 have 
been implemented.

Three different types of models have been exam-
ined, one with an additional layer in the compres-
sive zone (SCL_UHPFRC), one in the tensile 
(STL_UHPFRC), and another one with a three 
side jacket (S3SJ_UHPFRC) (Figure 10). In all the 
examined cases a 50 mm thick layer or jacket has 
been used. The performance of the strengthened 
beams with UHPFRC layers in the tensile and in 
the compressive zone are compared to respective 
results of strengthened elements with additional 
RC layer in the tensile side (STL_RC) and normal 
plain concrete (40 MPa compressive strength) in 
the compressive zone (SCL_NC).

The results of the various strengthening tech-
niques are compared to the initial beam’s results, 
and the load-deflection distributions are presented 
in figure 11.

The results presented in figure 11 indicate that 
the addition of UHPFRC layers/jackets can con-
siderably improve the strength and the stiffness of 
the existing structures. In case of beam strength-
ened with additional UHPFRC layer in the tensile 
side (STL_UHPFRC), the stiffness is significantly 
increased but the yield and the maximum load 
values are lower compared to the respective load 
values of the beam with additional RC layer (STL_
RC). In case of beam strengthened with UHPFRC 
in the compressive zone (SCL_UHPFRC), both 
strength and stiffness are considerably improved 
compared to the respective specimen with addi-
tional normal strength concrete layer (SCL_NC). 
The results of the beam strengthened with a three 
side UHPFRC jacket (S3SJ_UHPFRC) are char-
acterized by superior performance compared to all 
the other examined specimens.

The yield and the ultimate bending moment (My 
and Mu) for all the examined cases have been calcu-
lated using the results of figure 11 (Table 2).

The increment of yield and ultimate moments 
for all the examined techniques as percentage of the 
respective values of the initial beam (100*ΔΜ/Μ) is 
presented in figure 12.

The addition of UHPFRC layer in the compres-
sive or in the tensile side can contribute to 20–30% 
increment of yield and ultimate moment, while in 
case of a three side UHPFRC jacket the respec-
tive increment is 160–170%. When comparing the 
specimens with the additional layer in the tensile 

Figure 10. Finite element models and crack patterns of 
beams strengthened with UHPFRC a) in the compressive 
side, b) in the tensile side, and c) three side jacket.
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zone with RC and UHPFRC, it can be observed 
that the specimen with the additional RC layer 
shows better performance compared to the respec-
tive strengthened beam with UHPFRC.

A further parametric study has been conducted 
for the specimens with additional UHPFRC layer 
in the tensile side (STL_UHPFRC) using various 
UHPFRC tensile strength values. In the current 
study 8 MPa, 12 MPa and 16 MPa tensile strength 

values have been used and the numerical results are 
presented in figure 13 together with the results of 
STL _RC specimen.

The results of figure 13 indicate that there is a 
significant increment of the ultimate moment Mu 
when higher tensile strength values are used. As the 
tensile strength of UHPFRC is increased, the max-
imum strength of STL_UHPFRC is approaching 
the ultimate strength of STL_RC. However, it may 
worth mentioning that in all the examined speci-
mens with UHPFRC, the stiffness is higher com-
pared to the respective specimens strengthened 
with conventional strengthening techniques with 
normal plain and reinforced concrete layers.

4 CONCLUSIONS

In this paper an extensive numerical investigation 
on beams strengthened with UHPFRC layers/
jacket has been presented. The numerical results 
are compared to respective results of specimens 
strengthened with normal plain and reinforced 
concrete. For the constitutive modeling of UHP-
FRC, experimental results have been used to cali-
brate and validate the numerical model.

The following conclusions have been drawn 
regarding the efficient of the strengthening 
technique:

• The addition of UHPFRC layers in the tensile 
side considerably improves the stiffness of the 
strengthened element. Yield and maximum load 
values are lower compared to the respective load 
values of beam strengthened with RC layer.

• In case of beams strengthened with UHPFRC in 
the compressive zone, the strength and stiffness 
increment is higher with respect to the specimens 
strengthened with normal strength concrete.

Figure 11. Numerical load-deflection results for beams 
strengthened with various techniques.

Table 2. Yield and the ultimate bending moment values 
of the examined specimens.

Specimen Μy (103 Nm) Μu (103 Nm)

IB 24 32
SCL_UHPFRC 29 41
STL_UHPFRC 30 40
SCL_NC 29 32
STL_RC 52 58
S3SJ_UHPFRC 63 86

Figure 12. Moment increment for the examined 
techniques.

Figure 13. Parametric study results using different val-
ues for the tensile strength of UHPFRC.
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• The examined specimen with three-side jacket 
is characterized by superior performance com-
pared to all the other examined cases.

• From the numerical results, the yield and ulti-
mate moment increments for all the examined 
methods have been calculated. In case of beam 
strengthened with additional UHPFRC layer 
either in the compressive or in the tensile side, 
20–30% increment of the yield and ultimate 
moment has been observed. The respective 
increment in case of three side UHPFRC jacket 
has been found to be in the range of 160–170%.

• A parametric study has also been presented on 
strengthened beams in the tensile side with differ-
ent UHPFRC tensile strength values. The main 
conclusion is that the tensile strength is improved 
as the tensile strength of UHPFRC is increased.

The overall conclusion of this study is that the 
application of UHPFRC can considerably enhance 
the performance of existing reinforced concrete 
beams in terms of stiffness and yield & maxi-
mum strength. Further experimental and numeri-
cal investigation is required in order to take into 
account concrete shrinkage effect and investigate 
the durability of the examined technique.
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ABSTRACT: Ultra-High Performance Concrete (UHPC) has a high potential for the repair and retro-
fitting of existing bridges. A thin UHPC layer of a few centimeters can replace the waterproofing as well 
as the asphalt pavement. Due to its excellent durability properties a longer service life of bridge decks 
made of UHPC can be expected. Therefore, the life-cycle costs decrease. This paper presents the applica-
tion of UHPC in the renovation of Steinbach-bridge, a motorway bridge in Austria. For this pilot project 
more than 40 m3 UHPC were produced in a ready-mix concrete plant and cast on site. Within this project 
a successful transfer of laboratory findings into practical productions under site conditions was achieved. 
Currently, the behaviour of the structure is observed by a monitoring system. This innovative solution 
can thus make a significant contribution to the reduction of the life-cycle costs for the renovation and 
retrofitting existing bridge structures.

East and West. It was built in 1980 and refurbished 
in 2013 to provide further serviceability as well as to 
enhance its bearing capacity caused by increasing 
service loads. The application of UHPC as bridge 
deck within this refurbishment was a pilot project 
in bridge renovation and upgrading in Austria.

The superstructure has a regular plate cross 
section with ordinary reinforcement. It is nearly 
14 m wide and has two traffic lanes and a service 
lane. The damage of the concrete and reinforce-
ment were caused by leaking sealing and leaking 
of expansion joint. As a result, water flags, sinter 
and large concrete spalling could be seen at the 
abutment walls. Moreover, the concrete of some 
benchings was partially free. Figure 1 shows the 
plan view of Steinbach-bridge.

Figure 3 illustrates the monolithic connected 
UHPC topping with a thickness of 7 cm. Preliminary 
studies have shown that the optimal solution regard-
ing durability and bearing capacity was an “integrali-
zation” of the existing bridge. That means that both 
ends of the deck were connected with the abutments 
by the UHPC-layer as illustrated in figure 4. Such a 
sulution is not yet covered by the Austrian Guideline 
for Research on Road, Railway and Transportation 
(RVS 2012) but approved in this individual case.

1 INTRODUCTION

Bridge decks generally provided with a replace able 
layer made of asphalt, which require an additional 
waterproof arrangement and have a limited service 
life. The basic idea of using UHPC for the retrofit-
ting of existing bridges is to create a monolithic 
connected and maintenance-free bridge deck for 
conventional concrete bridges. In addition to a 
durable and waterproof surface, the UHPC also 
participates in the load transfer, and enhances the 
bearing capacity.

Previous investigations confirmed that UHPC is 
suitable for sealing due to its excellent packing den-
sity and durability properties (Charron et al. 2004). 
This contribution concentrates on the development 
of a UHPC mixture for the application in the pilot 
project Steinbach-bridge with special focus on the 
concrete technology, related experimental testing 
and the construction work.

1.1 Pilot project—Steinbach-bridge

Steinbach-bridge, as shown in Fig. 1, is a two-span 
motorway bridge located in Upper-Styria on the S6 
Semmering highway between the exits Mürzzuschlag 
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2 CONCRETE TECHNOLOGY

UHPC is a cement-based material with compres-
sive strength ≥ 150 MPa and high resistance to 
many physical or chemical attacks. But it also has 
a brittle failure and requires therefore the addition 
of organic or metallic fibers to increase the ductil-
ity (Leutbecher 2007). In this project a UHPC with 
micro steel fibers was used.

2.1 Requirements on UHPC topping for bridge 
decks

In general, the use of  UHPC as road surface 
requires a uniform quality of  the concrete with 
special regard to the avoidance of  any structural 
density defects on the surface. Those defects can 

result in the penetration of  chloride-containing 
water in the concrete followed by the corrosion 
of  steel fibers and reinforcement. Additionally, 
a sufficient and carefully executed compaction 
is also essential to guarantee resistance against 
freeze and thaw damages as well as high wear 
resistance.

The crack widths on the UHPC bridge deck sur-
face were limited by using ordinary reinforcement 
(rebars Ø 10 mm, spacing 10 cm) in transverse 
and longitudinal direction with a concrete cover 
of 3.5 cm in combination with micro steel fibers 
(amount 90 kg/m3).

As mentioned above, the bridge has a super-
structure cross slope of 4.25% and a longitudinal 
slope of 0.5%. The consistency of the UHPC has 
to enable a sufficient compaction while keeping the 
cross slope.

Furthermore, a concrete compressive 
strength > 150 MPa is necessary to ensure the bond 
between old and new concrete without dowels.

Finally, the UHPC surface must fulfill require-
ments regarding grip and flatness according to the 
Austrian Guideline for Research on Road, Railway 
and Transportation (RVS 2007). For this purpose 
the surface must be milled 3 days after casting by 
a milling machine. Grooves of the milling shall be 
carried out in the longitudinal direction as usual 
for conventional concrete roadways.

2.2 UHPC mixture

The used UHPC with steel fibers was developed 
by the Institute of Structural Concrete at Graz 
University of Technology. As binder, Nanodur 
Compound 5941 (manufactured by Dyckerhoff) 
was used. It contains cement to additive in mass 
relation 59 to 41. By this premix, the production 
of UHPC in ready-mix concrete plants can be 
considerably simplified. On the one hand only one 
silo is required to store the binder and on the other 
hand the homogenization of the fine particles is 
easier. Therefore, the use of mixer with low mixing 
intensity is possible. Further constituents of the 
UHPC are quartz sand (0.6–1.2 mm), basalt split 
(2–4 mm), water, superplasticizer, retarder and 
steel fibers with a length of 13 mm and a diameter 
of 0.2 mm.

2.3 Material properties

The fresh concrete properties were tested on site 
according to the Austrian standard for testing 
fresh concrete ÖNORM EN 12350 (Österreich-
isches Normungsinstitut 2009). The slump with 
and without compaction as well as the fresh con-
crete temperature and the processing time were 
determined, as shown in Table 1.

Figure 1. Steinbach-bridge.

Figure 2. Plan view of Steinbach-bridge (dimensions in 
mm).

Figure 3. Cross-Section after renovation.

Figure 4. Principle of “integralization”.
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The specimens to determine the hardened 
concrete properties were cast on site simultane-
ously with the bridge structure. The specimens 
were stored outside under approximately the 
same conditions and air temperature as on site. 
Three days after casting temperatures under 
0°C were measured on site. Due to the low air 
temperature, the strength of  concrete devel-
ops much slower than under laboratory condi-
tions. Figure 5 compares the concrete strength 
development under laboratory and site condi-
tions and figure 6 shows the bending test results 
on standard beams after 28d according to the 
Austrian Guideline for Fiber Concrete (Öster-
reichische Vereinigung für Beton—und Bau-
technik 2008). The elastic modulus after 28d was 
51.000 [N mm2].

3 EXPERIMENTAL TESTING

Because of missing experience with the large 
amount of UHPC used in this project as ready-
mix concrete, extensive experimental investigations 
were necessary for the transfer from production 
under laboratory conditions to on site conditions.

The experimental tests were performed on 
3 beams of normal concrete (C30/37) with 
l × b = 3.2 × 0.6 m and a height of 0.3 m in 
case of the reference beam (SV-01) and 0.24 m 
NSC + 0.06 m UHPC in case of the compound 
system to be investigated (SV-02 and SV-03). Those 
two beams were blasted with high-pressure water 
before complementing them with the UHPC layer. 
The specimens were used for testing the manufac-
turing of the superstructure cross slope as well as 
the shear capacity and the bond strength between 
the old and new concrete. The cross sections of test 
beams are illustrated in figure 7.

3.1 Superstructure cross slope

The 6 cm UHPC layer of SV-02 and SV-03 was cast 
under a slope of 2.5 and 4.5% in order to test the 
stability of the superstructure cross slope during 
the compaction. At the same time, the consistency 
and the viscosity of the fresh UHPC were adjusted 
by accompanying experiments. Figure 8 shows the 
cast of the UHPC layers.

Table 1. Fresh UHPC properties.

slump (without compaction) 39 ± 2 cm
slump (without compaction) 48 ± 3 cm
fresh concrete temperature after mixing 16 ± 2°C
air temperature 06:00 4°C
air temperature 14:00 8°C
processing time >2 h

Figure 5. Development of concrete strength over time.

Figure 6. Bending behaviour after 28d.

Figure 7. Cross section of specimen SV-01 (left) with-
out and SV-02 and SV-03 (right) with UHPC topping.

Figure 8. Casting of UHPC layer (left); Completed 
specimens SV-02 and SV-03 (right).
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3.2 Shear capacity

The shear capacity was investigated with custom-
ized 4-point-bending tests according to Figure 10. 
The bending failure was excluded in all specimens 
through a high longitudinal reinforcement ratio of 
2.4% and a shear slenderness of 3.

The specimens with UHPC topping (SV-02 and 
SV-03) are slightly stiffer and reach the ultimate 
load of the reference test (SV-01). Furthermore, 
test specimen SV-03 shows significant increase of 
the ultimate load because of its dowelling in the 
shear field between the load introduction area and 
the support area.

All specimens failed by overloading the maxi-
mum shear capacity. The formation of a decisive 
shear crack was observed in each specimen. In 
specimens with topping, the shear crack crossed 
the shear joint with no failure along the joint. Fur-
ther, the measured relative deformations between 
normal concrete and UHPC topping in the bond 
joint were negligible small. Thus, the bond prop-
erty between normal concrete and UHPC topping 
under shear stress can be classified as excellent. 
Therefore a dowelling of old concrete and UHPC 
was not required in the field area of the bridge.

3.3 Bond strength

The bond strength between normal concrete and 
UHPC was quantified by a tension test. In total 
eight cores of beam SV-02 were tested with the 
procedure illustrated by Figure 12. To take into 
account a possible preliminary damage due to the 
shear test loading, different sampling points were 
considered (four cores were located inside and four 
outside of the bearing area). All specimens showed 
a centric tensile failure within the normal concrete 
whereas the bond joint showed a bond strength at 
least of this magnitude.

3.4 Freeze-thaw resistance

The freeze-thaw resistance of the developed UHPC 
mixture was confirmed by experiments according 

Figure 9. 4-point bending test.

Figure 10. Test setup SV-02 and SV-03.

Figure 11. Load-deformation curves (static load only).

Figure 12. Tensile bond strength tests.
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to the Austrian standard ONR 23303 (Österreich-
isches Normungsinstitut 2010). The specimens cor-
respond to XF4. As expected, the test showed also 
a corrosion of the exposed fibers on the surface. 
Further details of those results are not discussed 
in this contribution.

3.5 Surface requirements for roadways

Without any post-treatment the UHPC surface 
is quite smooth and unsuitable as road surface. 
In order to fulfill the requirements regarding 
roughness and flatness according to the Austrian 
Guideline for Research on Road, Rail and Trans-
portation (RVS 2007) the following options were 
investigated:

− High water pressure blasting
− Milling
− Retarder
− Sprinkle of basalt split

The laboratory experiments showed that the use 
of a milling machine provides the most effective 
opportunity. It does not affect the construction 
process significantly and requires only minimal site 
equipment. Furthermore, a possible unevenness 
due to the casting process can be compensated. 
Other methods could not meet the road surface 
requirements in the same quality.

4 CONSTRUCTION WORK

4.1 Production in the ready mix concrete plant

The production of UHPC was performed in a 
conventional ready-mix concrete plant. The used 
plant mixer corresponds to a simple plate mixer 
without separate mixing tools and single mixing 
speed. During the production of UHPC the mix-
ing intensity has great influence on the fresh and 
hardened concrete properties. To transfer the test 
results from laboratory to site conditions, extensive 
mixing experiments were carried out in advance in 
the ready-mix concrete plant.

To avoid detected problems during microfiber 
addition in the plant mixer, a fiber dosage machine 
was developed. It adds fibers continuously and 
directly in the mixer, after the concrete reaches its 
yield point.

4.2 Casting

A total amount of 40 m3 UHPC was required 
for the bridge deck. The casting was achieved by 
a crane bucket as the viscous flow behavior of 
the UHPC as well as the low production capac-
ity of  the mixing plant did not allow the use of 

a concrete pump. In addition, the low production 
capacity of  the mixing plant did also not allow 
a continuous casting over the whole width. Due 
to this, the bridge deck was cast in two sections 
with a longitudinal construction joint in the mid-
dle axis of  the superstructure. Figure 13 illustrates 
this context.

Because of the high viscosity of the UHPC, 
its compaction required a placement in two lay-
ers. The previous layer with a maximum height of 
3.5 cm was needed to guarantee the bond quality 
with the NSC as well as a suitable compaction over 
the whole height of the UHPC. As shown in Fig-
ure 14, the previous layer was compacted by a wet 
screed, whereas the second layer and the produc-
tion of the surface was carried out by a vibrating 
beam.

During the production it turned out, that espe-
cially the lateral completion along the long side (see 
Figure 3) of the bridge caused problems during 
casting. Due to the high viscosity of the UHPC and 
the small thickness of 7 cm it was difficult to cast 
and compact these elements. For future projects, 
height and thickness of the lateral completion 
should be coordinated. However, the production 
of the cross slope could easily be achieved with the 
knowledge of previous investigations. In detail, the 
large steel fiber content, the high amount of coarse 
basalt split 2/4 mm and the longitudinal reinforce-
ment also blocked the leveling efforts of the fresh 
UHPC.

Figure 13. Casting of the bridge with crane bucket and 
manufacturing the construction joint.
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4.3 Milling

The road surface has been milled after casting with 
a conventional milling machine. The milling depth 
was 3–4 mm, so that any possible unevenness from 
the UHPC placement was smoothed. After mill-
ing micro steel fibers are visible on the surface and 
protrude from the concrete. Preliminary investiga-
tions showed that theses protruding fibers impose 
no risk for the damages of the tire of vehicles. 
Later they will corrode through the application of 
road salt. Figure 15 shows the milled surface and 
the finished bridge.

5 CONCLUSION AND 
RECOMMENDATIONS

The present paper introduces the first applica-
tion of UHPC as road surface in Austria. For this 
purpose a suitable UHPC with micro steel fibers 
was developed. The pilot project Steinbach-bridge 
illustrates the potential of this UHPC application 
regarding its material benefits and its practicability. 
Within this project a successful transfer of labora-
tory findings into practical production under site 
conditions was achieved.

The challenge of this UHPC application was 
primarily defined by an extensive production of 
40 m3 concrete in the ready-mix concrete plant 

with limited technical possibilities. Extensive inves-
tigations and experiments in the laboratory in the 
mixing plant were necessary. A comprehensive 
training of the construction company guaranteed 
the fulfillment of the desired concrete placement 
requirements. This project showed that the UHPC 
technology allows also the use as construction site 
concrete with the conventional equipment of a 
construction company. The gained knowledge in 
terms of concrete technology and construction 
work is very valuable for future projects.

Finally, this project benefited from an innova-
tive cooperation between concrete technologists, 
structural designers and construction site.

REFERENCES

Charron J-P. et al., 2004. Permeability of Ultra-High 
Performance Fibre Reinforced Concrete under high 
stresses. RILEM Symposium Advances in Concrete 
Through Science and Engineering, Evanston, USA.

Leutbecher, T., 2007. Rissbildung und Zugtragverhalten 
von mit Stabstahl und Fasern bewehrtem Ultrahoch-
festen Beton (UHPC), PhD Thesis TU Kassel, Kassel, 
Deutschland.

Österreichisches Normungsinstitut. 2009. ONR 23303: 
Prüfung von Frischbeton, Wien, Austria.

Österreichisches Normungsinstitut. 2010. ÖNORM 
12350: Prüfverfahren Beton—Nationale Anwendung 
der Prüfnormen für Beton und seiner Ausgangsstoffe, 
Wien, Austria.

Österreichisches Normungsinstitut. 2011. Eurocode 2: 
Bemessung und Konstruktion von Stahlbeton—und 
Spannbetontragwerken, Wien, Austria.

Österreichische Vereinigung für Beton—und Bautechnik. 
2008. Richtlinie Faserbeton, Wien, Austria.

RVS Richtlinien & Merkblätter. 2007. RVS 08.17.02: 
Deckenherstellung, Wien, Austria.

RVS Richtlinien & Merkblätter. 2012. RVS 15.02.12: 
Dauerhaftigkeit von Brücken—Grundlagen für die 
Berechnung von Lebenszykluskosten, Wien, Austria.

Figure 14. Compacting the first layer with wet screed 
and the second layer with vibrating beam.

Figure 15. Finished bridge deck and final road surface 
after milling.
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Structural strengthening of a shop-house for use as a medical centre 
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ABSTRACT: A 5-storey shop-house unit was procured by the Ministry of Health Malaysia for con-
version into a Medical Centre. The 8-year old reinforced concrete building was inspected, assessed and 
re-evaluated structurally to determine the design adequacy and functionality for use as a medical centre 
with respect to BS8110 and loading requirements to BS6399. A comprehensive material test was carried 
out on the building to determine the in-situ concrete strength, yield strength of reinforcement bars, veri-
fication of as-built structural details and the level of concrete deteriorations. The results from structural 
assessment show that the existing reinforced concrete structure requires extensive strengthening for use 
as a Medical Centre due to structural deficiency in original design and detailing. This paper presents the 
structural capacity evaluation of the building based on in-situ test results. The building was found to be 
structurally inadequate and required strengthening using Carbon-Fibre Reinforced Polymer (CFRP). In 
some areas, structural enlargement is necessary to address deflection issue. CFRP was used to enhance 
flexural and shear capacities of the structure. Consideration was also made to protect CFRP against dam-
age by fire.

test methods were used to determine the in-situ 
concrete strength, carbonation depth, in-situ con-
crete cover and corrosion probability of  reinforce-
ment bars. In addition, verification of as-built 
reinforced concrete details by means of on-site 
dimensional survey and exposure of existing rein-
forcements were carried out. The test results were 
subsequently used for structural integrity and 
capacity evaluations.

3 STRUCTURAL DESIGN CHECK

Information from the as-built details was reli-
ably used to develop a 3-D model of  the building 
structure. Design was checked against two limit 
state conditions, i.e., Serviceability Limit State 
(SLS) and Ultimate Limit State (ULS). Structural 
capacity was computed and checked against the 
maximum load effects under ULS. Crack widths 
and deflections were computed from maximum 
load effects under service load condition. Struc-
tural design, load combinations and load intensi-
ties are in accordance with BS8110 and BS6399. 
Live load and superimposed dead load intensities 
are generally higher for building used as medical 
centre than for shop or residential unit. For the 
medical centre, typical load intensity between 3.0 
to 5.0 kPa was considered for public areas, file-
storage rooms and designated areas for heavy 
equipment installation.

1 INTRODUCTION

A 5-storey shop-house unit was procured by the 
Ministry of  Health Malaysia for conversion into 
a Medical Centre. The 8-year old building was 
formerly built and completed by a private devel-
oper but was never in use before it was procured 
by the Ministry of  Health Malaysia. The build-
ing was inspected, assessed and re-evaluated 
structurally to determine the design adequacy 
and functionality for use as a medical centre with 
respect to design code BS8110 and loading crite-
ria to BS6399. Unfortunately, as-built drawings, 
which are crucial for structural evaluation, were 
not available except for some as-tendered draw-
ings. Hence, a detailed investigation, comprising 
a comprehensive material test on the structure 
including verification of  as-built structural details, 
was necessary.

2 CONDITION SURVEY AND MATERIAL 
TESTS

A general visual survey was first made on the 
building before developing a detailed material tests 
plan for the structure. The objectives of  the mate-
rial tests plan are to evaluate the in-situ concrete 
strength and quality, to verify the as-built struc-
tural details and to assess the level of  concrete 
deteriorations. Destructive and non-destructive 
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4 RESULTS AND DISCUSSION

4.1 Material test results

In general, the overall structure is found to be 
in good condition. The building was never used 
since completion. All structures are fully plastered 
except for the soffit of the slabs. No sign of serious 
concrete defects (spalling, delamination or struc-
tural crack) except for some hairline cracks on the 
slabs and plaster due to shrinkage. Table 1 shows 
the summary of all test results. As-constructed 
reinforced concrete details gathered from the site 
are compared with the as-tendered drawings.

About 68 locations for in-situ cover measure-
ment and 25 locations for carbonation test were 
carried out randomly at site on beams and slabs. 
Average in-situ cover was within acceptable range 
of the specified nominal cover of 25 mm. However, 
the average carbonation depth between 19–21 mm 
is rather high for an 8-year old building with Grade 
25 concrete. Carbonation rate in concrete may be 
affected by climatic conditions, for example, rela-
tive humidity, temperature, efficiency of curing, 
etc. Warmer climate may accelerate the rate of 
carbonation in concrete. Based on a study (Chiew 
et al) conducted on buildings exposed to a simi-
lar environmental condition as in Malaysia, a car-
bonation depth of about 15 mm is estimated for 
building made with Grade 25 concrete. Generally, 
the carbonation front has not gone significantly 
beyond the level of steel reinforcement for this 
8-year old building.

Readings from half-cell potential measurement 
do not indicate significant level of reinforcement 
corrosion in many parts of the structure. Field 
exposure of reinforcements at selected locations in 
the building, confirmed the test results.

The average in-situ concrete compressive 
strengths are within acceptable limit of BS6089 for 
Grade 25 concrete. The in-situ concrete compres-
sive strength ranges from 12.5 MPa to 36.0 MPa 
with a mean strength of 25.0 MPa and standard 
deviation of 5.7 MPa. Hence, the estimated in-
situ characteristic cube compressive strength was 
15.6 MPa, i.e., a value having less than 5% risk of 
not complying. Evidence from rebar exposure at 
site indicates that main reinforcements are mostly 
high tensile bars. The characteristic yield strength 
is 460 MPa which is typical of the stock available 
in the local market.

The as-constructed structural details are gener-
ally in compliance with the as-tendered drawings. 
However, the slab is found to be 100 mm thick. It is 
deemed relatively “thin” compared to normal slab 
thickness of about 125–150 mm. The material test 
also reveals that some slabs do not have tension 
reinforcements to resist hogging moment at the 
support. Discrepancies between the as-constructed 
beam layout plan and the as-tendered drawing are 
also detected.

4.2 Structural analysis

The results of a 3-D frame analysis for bend-
ing moment, shear and axial forces are shown in 
Table 2, 3 and 4 respectively. Summaries of SLS 
check on crack width and deflection are shown 
in Table 5 and 6. These are results extracted from 
some critical components of the structure.

At ULS, some beams and slabs at designated 
areas for heavy load intensities, eg. equipment, file 
storage, water tanks, do not have adequate flexural 
and shear capacities. There are some slab panels 
with missing top reinforcement bars for hogging 

Table 1. Summary of test results.

Slab Beam Column Remarks

Average in-situ 
cover (mm)

22 22 NA* Comply with 25 mm 
nominal cover specified.

Average carbonation 
depth (mm)

21 19 NA*

Area of steel corrosion 
(Half-cell potential 
reading >95% corrosion 
probability

NA* 3% NA* No serious corrosion 
detected.

Average core comp. 
strength (MPa)

28.4 24.6 20.6 Comply with Grade 
25 concrete.

Verification of reinforced 
concrete details

Some missing tension 
rebars for hogging 
moment

Rebar generally 
comply

Rebar generally 
comply

Structural dimensions 
generally comply. 

* NA = Not available

ICCRRR15_Fullpaper_Book.indb   588ICCRRR15_Fullpaper_Book.indb   588 8/27/2015   9:15:51 AM8/27/2015   9:15:51 AM

  



589

At SLS, the crack width and deflection of some 
critical beams and slabs exceed the allowable lim-
its. Clearly, the slab has to be thickened to address 
both SLS and ULS conditions.

4.3 Structural strengthening

Structural strengthening is essentially needed to 
fulfil both the ultimate and serviceability require-
ments of BS8110. The slab thickness is increased to 
160 mm by an additional 60 mm thick reinforced 
concrete overlay. It corresponds to an increase in 
the effective depth of the slab. CFRP laminates, 
50 mm × 1.2 mm thick, are installed to the slab sof-
fit at 500 mm centres. Both CFRP strengthening 
and 60 mm thick overlay are necessary to address 
three issues pertaining to design inadequacy of 
the slab for higher imposed load intensities, i.e., 
to enhance flexural and shear capacities, to keep 
deflection within limit and to provide a sufficient 
25 mm cover to reinforcements. Strengthening 
details are shown in Figures 1 to 4.

Beams do not have deflection issue. They are 
strengthened to enhance moment and shear capac-
ities by means of CFRP laminate and wrap respec-
tively. CFRP laminate, 100 mm wide × 1.2 mm 
thick, are bonded to the beam by epoxy resin at 

Table 2. Summary of bending moment check at ULS.

Structure

Bending Moment (kNm)

RemarkMax. Capacity Ratio*

Beam 1 
0.225 × 0.6 × 7.1 m

214 126 1.70 Not OK.

Beam 2 
0.225 × 0.6 × 3.7 m

165 83 1.99 Not OK.

Beam 3 
0.3 × 0.6 × 5.8 m

180 669 1.31 OK.
Not OK.
Not OK.
(Note: 
Zero 
capacity 
due to 
missing 
bars for 
hogging 
moment) 

Beam 4 
0.3 × 0.75 × 12.1 m

280 262 1.07

Beam 5 
0.225 × 0.6 × 3.0 m

123 90 1.37

Slab 1 
10.1 × 0.1 × 4.5 m

23−12.7 21
0

1.10
0

Slab 2 
10.4 × 0.1 × 3.0 m

8.8-26 21
0

0.42
0

* Ratio = Ratio max. bending moment / moment 
capacity

Table 3. Summary for shear check at ULS.

Structure

Shear (kN)

RemarkMax. Capacity Ratio*

Beam 1 
0.225 × 0.6 × 7.1 m

162 189 0.86 OK.

Beam 2 
0.225 × 0.6 × 3.7 m

140 377 0.37 OK.

Beam 3 
0.3 × 0.6 × 5.8 m

120 137 1.31 Not OK. 

Beam 4 
0.3 × 0.75 × 12.1 m

280 262 1.07 Not OK.

Beam 5 
0.225 × 0.6 × 3.0 m

123 90 1.37 Not OK.

Slab 1 
10.1 × 0.1 × 4.5 m

23 21 1.10 Not OK.

Slab 2 
10.4 × 0.1 × 3.0 m

8.8 21 0.42 OK.

* Ratio = Max. shear / shear capacity

Table 4. Summary of axial force check at ULS.

Structure
Size 
(m)

Axial Force (kN)

RemarkMax. Capacity Ratio*

Column 1 0.3 × 0.6 1,000 8,100 0.12 OK.
Column 2 0.6 × 0.6 3,700 12,600 0.29 OK.

* Ratio = Max. axial force / axial force capacity

Table 5. Summary of crack width check at SLS.

Structure

Crack Width 
(mm)

RemarksMax. Allowable

Beam 1 0.225 × 0.6 × 7.1 m 0.78 0.30 Not OK.
Beam 2 0.225 × 0.6 × 3.7 m 1.13 0.30 Not OK.
Beam 3 0.3 × 0.6 × 5.8 m 0.07 0.30 OK.
Beam 4 0.3 × 0.75 × 12.1 m 0.53 0.30 Not OK.
Beam 5 0.225 × 0.6 × 3.0 m 0.87 0.30 Not OK.
Slab 1 10.1 × 0.1 × 4.5 m 0.97 0.30 Not OK.
Slab 2 10.4 × 0.1 × 3.0 m 1.11 0.30 Not OK.

Table 6. Summary of span-depth ratio at SLS.

Structure

Span-depth ratio

RemarksActual Allowable

Beam 1 0.225 × 0.6 × 7.1 m 12.79 23.66 OK.
Beam 2 0.225 × 0.6 × 3.7 m 6.73 25.76 OK.
Beam 3 0.3 × 0.6 × 5.8 m 10.55 25.00 OK.
Beam 4 0.3 × 0.75 × 12.1 m 17.29 21.84 OK.
Beam 5 0.225 × 0.6 × 3.0 m 5.46 27.80 OK.
Slab 1 10.1 × 0.1 × 4.5 m 64.29 20.94 Not OK.
Slab 2 10.4 × 0.1 × 3.0 m 42.86 20.30 Not OK.

moment resistance which require full strength-
ening. Otherwise, they would have been suffi-
ciently reinforced. Columns have been designed 
conservatively.
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the soffit and top surface. While CFRP wraps of 
0.27 mm thick are bonded to the beam by epoxy 
resin at the soffit and top surface. While CFRP 
wraps of 0.27 mm thick are installed on both verti-
cal sides and soffit of the beam in the form of a 
“U”. The “U” is made continuous from the top of 
one side of the beam, around the beam bottom, 
and terminates at the top of the other side of the 
beam. The ends of the “U” are extended into the 
compression zone of the beam and terminate at 
one-third (1/3) of span from the support. Typical 
details of beam strengthening are shown in Fig-
ures 3 and 4. All columns are adequate in bending 
and axial compression.

Surface preparation is an important aspect 
prior to CFRP installation. All plasters on beams 
were removed and existing concrete inspected. 
Any defective concrete (such as cracks, honey-
combs) were repaired accordingly. For example, 
cracks were sealed by epoxy injection. Honeycomb 
concrete was pressure grouted. Concrete surface 
was cleaned from loose particles and laitance 
using a disc grinder. Uneven surface was level off  
with epoxy putty. All sharp corners at beam were 
rounded off  to achieve a 12 mm radius to avoid 
causing damage to CFRP wrap.

4.4 Fire protection to CFRP

CFRP is particularly susceptible to damage caused 
by high temperatures that may take place in the 
event of fire. When the ambient temperature exceeds 
the glass transition temperature of the resin in the 
CFRP material, both strength and stiffness of the 
CFRP strengthened structure are reduced. Hence, 
CFRP should be protected against damage by fire 
in the same way reinforcements are protected.

A two-component thixotropic epoxy based 
impregnating resin primer was applied onto the 
fully installed CFRP laminate or wrap. Dry silica 
sand was broadcast on the wet primer to provide a 
mechanical bond for the final layer of fire protection 
mortar. Subsequently, light wire mesh was installed 
over the primer to prevent debonding of mortar. 
Finally, a 40 mm thick vermiculite fire protection 
mortar was sprayed over the entire CFRP area.

5 CONCLUSIONS

CFRP has been successfully used to rehabilitate and 
strengthen an existing 5-storey reinforced concrete 
commercial building for use as a Medical Centre.

The structure has been strengthened to address 
the structural deficiency in the original design and 
detailing. Structural strengthening is essential to 
fulfil both the ultimate and serviceability design 
requirements of BS8110 and loading criteria of 
BS6399. For a Medical Centre, the live load intensity 
as required in the Code is higher than for a commer-
cial building. Accordingly, both flexural and shear 
capacities of the structure have been enhanced. 
Slab has been thickened to keep deflection within 
limit. A sufficient 25 mm cover to reinforcements 
for durability and fire protection is ensured.
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Figure 3. Typical beam strengthening with CFRP for flexure and shear.

Figure 4. Typical cross-sectional details of beam strengthening.
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ABSTRACT: The concrete slab ballastless track is an advanced track structure with high stability and 
integrity. It has been widely used in many high speed railway lines all over the world. However, when the 
foundation of ballastless track appears large uneven settlement deformation especially in roadbed section, 
compared with ballast track which can be restored by increasing the ballast under the sleepers simply, the 
smoothness of concrete slab ballastless track can only be restored by adjusting the thickness of the base 
plates of fastener system accordingly. But if  continuous settlement deformation exceeds the specified 
adjustable range of fastener system, the smoothness of concrete slab ballastless track cannot be restored 
timely and completely, and then the speed of passing trains has to be limited to ensure the safety. To 
solve this problem only just using daily skylight time (only 4 hours every day), we systematically studied 
a complete set of new overall precision uplift rehabilitation technology including special grouting materi-
als, dedicated miniaturization equipment and construction processes through a series of indoor reduced 
scale tests and field full scale simulations with real concrete slabs. And combined with field practices, the 
overall precision uplift rehabilitation technology for concrete slab ballastless track had been studied and 
developed. Results indicated this technology could not only restore the smoothness of settlement concrete 
slab ballastless track effectively and accurately, but also recover the adjustable range of the fasteners just 
in daily skylight time without disturbing the following operation of the railway lines. We introduced the 
overall precision uplift rehabilitation technology as well as the mechanism and accuracy of overall uplift, 
properties of grouting materials, construction process and field application effects, respectively. These 
will provide valuable and useful references for the rehabilitation of concrete slab structure occurred dif-
ferential settlement.

Keywords: Grouting; Uplift; Concrete structure; Ballastless track; Rehabilitation; Settlement

increasing the ballast under the sleepers simply, the 
smoothness of concrete slab ballastless track can 
only be restored by adjusting the thickness of the 
base plates of fastener system accordingly. But if  
continuous settlement deformation exceeds the 
specified adjustable range of fastener system, the 
smoothness of concrete slab ballastless track can-
not be restored timely and completely, and then the 
speed of passing trains has to be limited to ensure 
the safety. The limit seriously affects the operation 
of high speed railways in some differential sunken 
concrete structure sections of ballastless track line.

To solve this problem only just using daily sky-
light time (only 4 hours every day), we systematically 
studied a complete set of new overall precision 

1 INTRODUCTION

The concrete slab ballastless track is an advanced 
track structure with high stability and integrity. It 
has been widely used in many high speed railway 
lines all over the world [1–2]. There are currently 
more than 10,000 kilometers of the slab ballastless 
track railway, both in operation and in construc-
tion. The slab ballastless track commonly includes 
the rail, fastener, concrete track slab, cement emul-
sified asphalt mortar layer, and concrete bottom 
slab [3]. However, when the foundation of bal-
lastless track appears large differential settlement 
deformation especially in roadbed section, com-
pared with ballast track which can be restored by 
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uplift rehabilitation technology including special 
grouting materials (the polyurethane-yielding two-
component liquid injection mixture), dedicated 
miniaturization equipment and construction proc-
esses through a series of indoor reduced scale tests 
and field full scale simulations with real concrete 
slabs. And combined with field practices, the over-
all precision uplift rehabilitation technology for 
concrete slab ballastless track had been studied and 
developed. We had created a new set of technol-
ogy and engineering practice to uplift the concrete 
structure of ballastless track successfully, with no 
negative effect on existing railway operation. The 
grouting materials is injected in the ground at dis-
crete locations under the concrete bottom slab to 
correct differential settlement and to apply com-
pactive forces to the foundation layer. The two 
components of the foam, which mix as they are 
injected through a grouting pipe. The expansion 
pressure it exerts is used to lift the ballastless track 
structure, remediating a differential settlement 
problem without excavation. Therefore, the track 
smoothness can be restored quickly and accurately. 
This new technology had been applied successfully 
to the settlement rehabilitation for the ballastless 
track of Shanghai-Hangzhou high-speed railway.

This paper introduces this new grouting uplift-
ing technology for concrete structure of ballastless 
track from the grouting materials, construction 
process, practical application and uplifting mech-
anism. These will provide valuable and useful 
references for the rehabilitation of concrete slab 
structure occurred differential settlement.

2 GROUTING MATERIAL

The grouting material applied is a kind of poly-
urethane-yielding two-component (“A” and “B”) 
liquid injection mixture. After mixing, the material 
will gel and react to form the resulting polyurethane 
solid foam within a short time (see Figure 1). The 
one component “A” is composed of polyisocyanate 
prepolymer mixture without any VOC (volatile 
organic compounds). The other component “B” 
is composed of polyols and catalysts mixture such 
as polyetherpolyols and tertiary amines without 
any VOC. The polyurethane grouting is based on 
three dimensional network solid polymer with high 
strength that is produced with generation of heat 
and increase of volume when the liquid isocyanate 
compound is mixed with a liquid polyol com-
pound [4–5]. This solid foam is able to expand and 
form different volumes as needed. Therefore, the 
technical information on the chemical and physi-
cal behaviors of the liquid injection materials and 
those of the polyurethane solid foam application 
are supposed to be very important for an effective 

application of this grouting material. Compared 
with other grouting materials, the grouting mate-
rial has the following features [6–8]:

1. Designed to efficiently develop hydraulic lift
 The hydraulic uplifting for concrete structure of 

ballastless track is largely realized by the expan-
sibility of the grouting materials. The hydrau-
lic uplifting force is determined by the foaming 
ratio (or volume expansion) which can be con-
trolled precisely by the.

2. High ability of permeation, diffusion and 
filling

 With a certain grouting process, the diffusion 
diameter can reach up to more than 5 meters 
and it has a certain volume expansion too (the 
free expansion ratio can reach up to 20:1). The 
filling ability is outstanding, meanwhile, it can 
compact the foundation substructure (Namely, 
graded broken stone layer) in the filling range to 
form the sandwich structure (see Figure 2).

3. Filling range controllable
 After the mixture of grouting materials, the liq-

uid state will transform into plastic state and 
then the solid state within a short time. Thus, 
the filling range is easy to adjust by controlling 
the reaction speed of two component grouting 
materials. Therefore, it is more convenient to 

Figure 1. Hardened concretion of the grouting 
materials.

Figure 2. Sandwich structure of grouting material foam 
layer and graded broken stone layer.
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construction with no need to set special curtains 
to prevent the slurry from overflow.

4. Low density and weight
 The structure density formed by this grouting 

material is around 100 kg/m3~300 kg/m3, far 
less than the water density. So compared with 
cement grouting materials, it does not increase 
the additional structural load significantly.

5. Fast in setting and hardening, fast in strength 
development

 The grouting material can reach up to more than 
90% of the design strength just within 15 min-
utes, which can completely meet the strength 
requirements for railway line operation. As a 
result, the traffic can be resumed in time after 
the uplifting of concrete structure.

6. High volume stability
 It almost has no volume shrinkage after the 

hardened structure formed and will have the 
feature of a perfect elastomer before 80% of the 
failure load.

7. High durability
 The hardened grouting materials possess a high 

durability property with high water proof, frost 
resistance and chemical erosion resistance.

3 PRACTICAL APPLICATION

Located at Shanghai, Jinshan North Station, its 
railway line was designed to be 2 lines of track. 
Due to the differential settlement of the roadbed, 
the concrete structures of slab ballastless track 
sunken obviously. Therefore, two tracks had seri-
ous problems with the smoothness within a range 
of more than 300 meters. The maximum settle-
ment of some sections even exceeded 100 millim-
eters. The railway speed in this sunken section of 
this line had to be limit to 160 km/h.

In September, 2014, the settlement ballastless 
track of Jinshan North Station was rehabilitated 
by this overall grouting uplifting technology. Dur-
ing rehabilitation, when the grouting equipment 
operated smoothly and the materials reached a 
stable physical and mechanical performance, the 
grouting uplifting rehabilitation was carried out 
according to the specified grouting procedure. The 
electronic level was adopted to monitor the rail 
elevation change and the total station was adopted 
to monitor the center line mis-alignment of con-
crete structure. When the uplifting height reached 
the expected height, stop grouting and the high-
strength non-shrinking cement material was used 
to block up the injection holes. It only took 60 days 
to fulfill this repair work of this sunken section. 
The concrete structure had no cracking due to 
uplifting construction. The accuracy of uplifting 
elevation for the ballastless track structure can 

be up to ±1 mm. The rehabilitation (only 4 hours 
every day) had not disturbed the following opera-
tion of the railway line next day.

After rehabilitation, the smoothness of the 
track was improved significantly (see Figure 3 for 
the track elevation comparison before and after 
the grouting uplifting rehabilitation). Moreover, 
the adjustable range of the fasteners was restored. 
The maximum uplifting height of the concrete 
structure was up to 82 millimeters (No cracking 
during uplifting rehabilitation). The railway speed 
in this section had recovered to the design speed of 
250 km/h and the dynamic response of the ballast-
less track in this section showed normally.

4 UPLIFTING MECHANISM

Based on the field practices, the uplifting mecha-
nism of this overall presion uplift rehabilitation 
was analyzed. During the overall grouting uplift-
ing of ballastless track concrete structure, the 
grouting materials is filled into the space between 
the concrete bottom layer and the surface layer of 
graded broken stone foundation bed (see Figure 4) 
through the special grouting equipment, under a 
certain grouting pressure. The uplifting is realized 
by the expansibility of the grouting materials and 
the hydraulic transmission effect resulting from 
the grouting materials and grouting pressure. The 
uplifting can be divided into two stages, namely the 
filling & compacting stage and the uplifting & fill-
ing stage.

In the filling & compacting stage, the grouting 
materials will fill and compact the gaps such as 
the ones between the supporting layer and graded 
broken stone layer or those inside the graded bro-
ken stone layer. And the track structure will not be 
uplifted at this stage.

In the uplifting & filling stage, the filled grouting 
materials and the grouting pressure from grouting 
equipment will cause hydraulic transmission effect. 

Figure 3. Comparison of the elevation of the track 
before and after uplifting rehabilitation (Note: the below 
pink line represents the track elevation before rehabilita-
tion, the above yellow line represents the track elevation 
after rehabilitation).
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Meanwhile, the volume expansion from the grout-
ing material solidification will cause expansive 
uplifting forces. With the effects of these two fac-
tors, the concrete structure can be uplifted contin-
uously and stably, and the gaps between concrete 
structure and graded broken stone layer due to 
uplifting can also be filled completely and densely.

5 CONCLUSION

The overall grouting uplifting rehabilitation tech-
nology for ballastless track has the advantages of 
rapid restoration, good effect, simple construc-
tion, no disturbing railway line operation and little 
destruction to the existing concrete structure. It is 
also a rapid, simple and practical method to rehabil-
itate the ballastless track of the settlement section 
in a manner that can neither affect the track struc-
ture stress adversely nor affect the traffic safety, 
which is promising in the settlement rehabilitation 
of the ballastless track in operation just using daily 
skylight time (only 4 hours every day). The accu-
racy of uplifting elevation for the ballastless track 
structure can be up to ±1 mm. The properties of 

this two component grouting materials and the 
resulting solid foam are very versatile and with 
stringent quality control, this uplift rehabilitation 
technology can be more effectively and successfully 
applied to many other construction projects.
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ABSTRACT: This study aims to develop a manual emergency retrofitting technique for use in damaged 
Reinforced Concrete (RC) buildings. It is important that the emergency retrofitted RC column is able to 
sustain the vertical load and the lateral force as one of the vertical load carrying members. In this respect, 
lashing belts comprising a ratchet buckle and an aramid fiber belt were used as the emergency retrofitting 
method of choice. In this study, the residual axial compression capacity of shear-damaged RC columns, 
and the recovered axial compression capacity of shear-damaged RC columns emergency-retrofitted using 
lashing belts are investigated and discussed.

In general, the failure of vertical load carrying 
members causes the collapse of buildings. In this 
study, the residual axial compression capacity of 
shear-damaged RC columns and the recovered 
axial compression capacity of shear-damaged RC 
columns emergency-retrofitted by lashing belts 
were investigated. In the test, the damage level of 
the RC column, the epoxy resin repair and the lat-
erally retrofitting by lashing belts are considered. 
The experimental procedures used are as follows: 1) 
a shear-critical RC column was damaged by cycli-
cal lateral forces under a constant axial load and 2) 
a universal testing machine was used in the axial 
compression tests conducted on the shear-dam-
aged RC column and the emergency-retrofitted RC 
column. In this paper, the results of axial compres-
sion tests using twelve specimens are discussed.

2 TEST PLAN

The retrofitting details of the test specimens are 
shown in Table 1. The RC column specimens used in 
this test were square with cross-sectional dimensions 
of 250 × 250 mm2 with a total height of 900 mm (Fig-
ure 1). The height of the RC column test section was 
500 mm, with a shear span-to-depth ratio (M/VD) of 
1.0. The longitudinal reinforcement ratio (pg) of the 
specimens was 1.36% (diameter = 10 mm; number of 
rebars: 12), and the shear reinforcement ratio (pw) of 

1 INTRODUCTION

This study aims to develop a manual emergency 
retrofitting technique for use in damaged Rein-
forced Concrete (RC) buildings. Emergency seismic 
retrofitting is indispensable for rehabilitating dam-
aged RC buildings immediately after earthquakes. 
The emergency retrofitting technique needs to be 
simple to use and fast to apply to mitigate further 
possible damage in relation to aftershocks in RC 
buildings that have already been damaged. In this 
study, lashing belts comprising a ratchet buckle 
and an aramid fiber belt were used as the emer-
gency retrofitting method of choice.

A previous study confirmed that flexural fail-
ure occurred at a high lateral confining pressure 
with high ductility in a shear-damaged RC column 
emergency-retrofitted by lashing belts (Nakada 
et al. 2013). This is attributed to the concrete 
blocks in the damaged RC column being united as 
confined concrete, and active confinement occur-
ring in relation to the lashing belts. Furthermore, 
lashing belts provide a shear strengthening effect. 
In relation to active confinement, a past study by 
the authors revealed that the seismic retrofitting 
technique using an aramid fiber belt enhanced the 
compressive strength of the confined concrete by 
up to 1.31 times compared with the compressive 
strength of non-retrofitted specimens (Nakada 
et al. 2008).
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the specimens within the height of the test section 
was 0.08%. Closely spaced hoops were arranged at 
the top and bottom region of each specimen within 
a length of 200 mm, resembling a stub, to ensure 
that the damage occurred to the central part of the 
column. These RC columns are classified as being 
shear-critical columns. To avoid the bleeding effect, 
horizontal casting of concrete was performed in all 
specimens. The test setup and loading procedures are 
shown in Figure 2. Steel blocks, each with cross sec-
tional dimensions of 250 × 250 mm2 and a height of 
300 mm were connected to the top and bottom of the 
column specimen, and the united specimen with con-
crete stubs was set on a loading apparatus. The con-
tact surface of the RC column and the steel blocks of 
the stubs were firmly connected with epoxy resin and 
PC bars (with diameters of 26 mm), and these were 
to be integrated (Figure. 2). The shear-critical RC 
columns were then damaged by cyclic lateral forces 
under a constant axial force ratio of 0.2 (shear failure 

test), on the assumption that earthquakes cause shear-
damage to RC columns (Figure. 2). To control the 
shear-damage level during the loading test, column 
specimens were retrofitted using aramid fiber belts 
with wide spacing intervals of 100 mm. The damage 
status of each RC column in the shear failure test 
was classified at a damage level between II and IV, 
as defined by the Japan Building Disaster Prevention 
Association (JBDPA 2002) (Table 2). Although the 
residual lateral displacement attempted to revert to 
zero following the shear failure test, it remained at a 
high damage level in the damaged-columns. The col-
umn specimen, the four concrete stubs, and the two 
steel blocks were separated for the axial compres-

Figure 1. Column specimen [unit: mm].

Figure 2. Test setup and loading procedure.

Table 1. Details of specimens.

Notes: cσB = compressive strength of concrete cylinder, Wcr = residual crack width after 
shear failure test, As = interval of lashing belt, εpt = initial strain of lashing belt, σr = lat-
eral confining pressure, Nmax = max axial load, N0 = max axial load of non-damaged RC 
column.
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sion test, which was performed in a universal testing 
machine. To investigate the retrofitting performance 
using the lashing belt, epoxy resin, and pre-stressing, 
the resin was injected into the shear cracks on the 
four damaged column specimens at a low pressure 
using several injectors, and after it had hardened, the 
axial compression test was conducted.

Two series of specimens were considered. In 
Series 1, the residual axial compression capacity of 
the shear-damaged RC column and the recovered 
axial compression capacity of the repaired RC col-
umns were investigated, and the laterally retrofitted 
RC columns were then considered in Series 2. The 
top and bottom regions of the column specimens 
were retrofitted in the same manner as the central 
part of the column. To avoid stress concentration, 
the four corners of the RC columns were chamfered 
using an aramid fiber belt with a radius of 20 mm 
to avoid stress concentration. After applying oil, 
the RC column was then retrofitted using lashing 
belts. The lashing belt device includes a ratchet 
buckle combined with an aramid fiber belt (width 
of belt = 50 mm). The mechanical properties of the 
steel and fiber reinforcements are shown in Table 3. 
The test parameters of these specimens include the 
following: the damage level (II–IV), the lateral con-
finement using the lashing belts, and the conditions 
wherein epoxy resin repair was applied and wherein 
it was not applied. The lateral confining pressure 
of the RC column was used as the introductory 
value in the practical RC column section, which 
was assumed to have a cross sectional dimension 
of 600 × 600 mm2, a lashing belt interval of 63 mm, 
and an initial tension strain of 1800 μ. The lateral 
confining pressure (σr) is expressed as follows:

σr = (2Aa)/(b ⋅ As) ⋅ AE ⋅ εpt, (1)

where Aa is the cross section of the aramid fiber belt 
(56.2 mm2), b is the column width, As is the lashing 
belt interval, AE is Young’s modulus of elasticity of 
the aramid fiber belt, and εpt is the initial tension 
strain. The compression strain of the RC column 
was measured in two places using eight transduc-
ers (Figure. 3).

3 TEST RESULTS AND DISCUSSION

3.1 Axial load–axial strain relationship of shear-
damaged RC column

The observed cracking patterns, residual crack 
width, and damage level after the shear failure test 
are shown in Table 4. Photo 1 shows the shear-
damaged RC column after the shear failure test. 
There was no buckling of the longitudinal rein-
forcement in any specimen. The axial load (N/N0)–
axial strain (εc) relationships are shown in Figure 4, 
where the axial load of the non-damaged specimen 
N1 is divided by the maximum axial load N0 of  
itself; and the axial load of specimen D2 in Series 2 
is divided by the average values of N0 of  specimen 
N1 and N2 (1817 kN). The axial loads of speci-
mens D3, D4-1, and D4-2 are divided by the cal-
culated value of N0, which considers N0 = Ns + Nc, 
where Ns is the yield load of the rebar, and Nc is the 
axial load of the concrete using 0.89cσB.

Figure 3. Axial strain measurement setup.

Table 2. Criteria of damage level (JBDPA 2002). Table 3. Mechanical properties of materials.

Notes: a = cross-section area, σy = yield strength of steel, 
σu = ultimate strength of fiber reinf., E = Young’s modu-
lus of elasticity.
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The axial strain in specimens D4-1 and D4-2 
developed diagonal cracks (Photo 2). Judging from 
the strain gauges in specimens D4-1 and D4-2, the 
yielding of the longitudinal reinforcement, located 
at the diagonal cracks at the top and bottom of 
the column, caused a reduction in axial stiffness 
at around 0.2 N0. The maximum axial load of 
specimens D4-1 and D4-2 was 0.25–0.30 N0 (Fig-
ure 5), and the axial load gradually decreased after 
reaching a maximum value. Buckling of the longi-
tudinal reinforcement at the diagonal cracks was 
confirmed after the test. Specimens D3 and D2, 
which had damage levels of III and II, respec-
tively, showed maximum axial loads of 0.75 N0 and 
0.91 N0, respectively (Figure 5). Newly generated 
cracks were confirmed in specimen D2.

Photo 1. After shear failure test.

Table 4. Observed cracking patterns after shear failure 
test.

Notes: II–IV = damage level, () = max crack width (depth 
side).

Photo 2. After axial compression test (D4-1).

Figure 4. N/N0 versus εc of  damaged columns.

3.2 Axial load–axial strain relationship of 
repaired RC column

The test results of specimens D4e-1, D4e-2 (dam-
age levels IV), and D3e (damage level III), which 
were repaired using epoxy resin, are shown in Fig-
ures 6 (a) and 6 (b) respectively. Specimens N1, 
D4-1, D4-2, and D3 are also shown in Figures 6 
(a) and (b). In Figure 6, the axial load of specimen 
D4e-2 is divided by the average value of the maxi-
mum axial load of specimen N1 and N2, and the 
others are divided by the calculated value of N0. In 
Figure 6 (a), a recovered maximum axial load of 
0.67 N0 and 0.89N0 were confirmed in specimens 
D4e-1 and D4e-2, which had been repaired using 
epoxy resin. These values are 2.4–3.2 times higher 
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than the residual axial load of shear-damaged RC 
column specimens D4-1 and D4-2. In addition, 
the axial rigidity also recovered considerably. In 
specimen D4e-1, it was observed that the axial load 
increased after first decreasing around the initial 
peak point. The epoxy resin injected into the diag-
onal cracks was also determined to be broken at 
the initial peak point. Furthermore, yielding of the 
longitudinal reinforcements occurred at the sec-
ond peak point, followed by buckling. In contrast, 
however, in specimen D4e-2, which had a slightly 
larger damage status and a residual crack width of 
5 mm (compared to specimen D4e-1 with a crack 
width of 3.5 mm), a large axial load and compres-
sion yielding of the longitudinal reinforcements at 
the top and bottom of the column was confirmed. 
Therefore, the epoxy resin was suggested to be 
successfully injected into specimen D4e-2. In Fig-
ure 6 (b), specimen D3e with a damage level of III 
showed a maximum axial load of 0.95N0. Thus, the 
effect of repair is greater in specimens that suffered 
greater damage.

3.3 Axial load-axial strain relationships of 
damaged specimen retrofitted laterally

Figure 7 shows the test results of shear-damaged 
RC column specimens 6 LD4 and 6 LD4e, which 
attained damage level IV and were laterally ret-
rofitted using lashing belts. Specimen 6 LD4 was 
retrofitted using lashing belts only, and specimen 
6 LD4e was additionally repaired using epoxy resin 
(as well as retrofitted by lashing belt pre-stressing). 
Specimen 6 L’ was a retrofitted non-damaged 
specimen. In Figure 7, the axial load of specimen 
6 LD4 can be seen to gradually increase with the 
compressive strain, due to the passive confinement 

in relation to the increasing tension strain of the 
lashing belts. In specimen 6 LD4e, however, the 
axial rigidity was greatly recovered and the axial 
load gradually increased after the peak point in 
relation to the passive confinement effect of the 
lashing belts. An increase and then a decrease of 
the axial load were confirmed after a compres-
sive strain of 0.6%, and it was considered that the 
ratchet buckle had been damaged because a simi-
lar result was seen in relation to the strain of the 
belt. In specimen 6 LD4e, therefore, it is consid-
ered likely that the resultant maximum axial load 
was mainly related to the effect of the epoxy resin 
repair, due to the low lateral confining pressure 
by the lashing belts at the peak point of the axial 

Figure 5. N/N0 of each specimen.

Figure 6. N/N0 versus εc of  damaged columns repaired 
by using epoxy resin.

Figure 7. N/N0 versus εc of  damaged columns retrofit-
ted by lashing belts.
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load–axial strain relationship. Furthermore, axial 
rigidity and compressive strain at the peak point 
can be improved by simultaneously using epoxy 
resin repair and external retrofitting with lashing 
belts.

3.4 Relationship between crack width 
and axial load

Figure 8 shows the relationship between the resid-
ual crack width after the shear failure test and the 
residual axial load ratio N/N0. All data with a vari-
ety of residual drift angles are shown in Figure 8. 
Although it is believed that the residual axial load 
is affected by the residual drift angle, to control 
this in the shear failure test and understand the 
influence of residual lateral displacement on the 
vertical load will be the subject of future studies. 
The maximum axial load of specimen 6 LD4 at 
the end of the axial compression test, and the axial 
load corresponding to the axial strain at the maxi-
mum axial load of specimen 6 LD4e are shown in 
Figure 8. In Figure 8, the residual axial load of 
shear-damaged RC columns is seen to decrease 
with an increase in the residual crack width. There 
are large differences between the residual axial load 
ratio N/N0 of  specimens D3 and D4-2, but there 
is only a slight difference between those of speci-
mens D4-2 and D4-1. It is indicated that although 
slightly-damaged concrete can carry most of the 
axial load, seriously-damaged concrete with a large 
crack width results in a diminished load-carrying 
capacity; therefore, the longitudinal reinforce-
ments sustain the greater part of the residual axial 
load. A residual axial load N/N0 of  0.6–0.9 was 
obtained by repairing with epoxy resin, as shown 
in Figure 8. By applying lateral confinement with 
lashing belts, a residual axial load N/N0 of  0.6–0.7 
was confirmed, regardless of whether the epoxy 
resin repair has been applied. However, the resid-
ual axial load (N/N0) of 6 LD4 at the compressive 

strain of the maximum axial load in 6 LD4e was 
smaller than that of specimen 6 LD4e and was also 
at the same level as the shear-damaged specimens 
D4-1 and D4-2.

4 CONCLUSIONS

The main results of this study are summarized in 
the following points:

1. The residual axial compression load of shear-
damaged RC columns was 91% of the compres-
sion capacity of a non-damaged RC column at 
damage level II, 75% at level III, and 28% at 
level IV.

2. At damage levels III and IV, a residual axial 
compression load N/N0 of  0.67–0.95 was 
obtained by epoxy resin repair.

3. By applying lashing belts only, the axial load 
gradually increased during the loading test and 
a low axial rigidity was confirmed.

4. Using both epoxy resin repair and lashing belts 
for lateral confinement, there was a significant 
recovery of the axial compression capacity, axial 
rigidity, and compressive ductility.
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ABSTRACT: This paper examines the effectiveness of using Textile-Reinforced Mortar (TRM) as 
an innovative technique for rehabilitation of severely corrosion-damaged Reinforced Concrete (RC) 
T-girders. A total of six RC beam specimens, 3200 mm long each, with a T-shaped cross section were 
constructed and tested under four-point bending. Prior to testing, five specimens were subjected to accel-
erated corrosion for 5 months that corresponded to an average measured mass loss of 22% in the tensile 
steel bars. Corrosion was induced in the tensile steel reinforcement in the middle third of the specimens to 
resemble a flexure-critical corrosion-damaged RC beam. Four corroded specimens were repaired with the 
TRM system whereas one corroded specimen was not repaired and one specimen was neither corroded 
nor repaired to act as a benchmark. The TRM system consisted of carbon or basalt fiber grid (textile) 
embedded into a cementitious non-shrink mortar. The repair scheme consisted of TRM layers internally 
embedded within the corroded region of the beam or a combination of internally embedded and exter-
nally bonded TRM layers. Corrosion damage significantly reduced the flexural capacity and ductility of 
the unrepaired beam. The basalt TRM system could not restore the original flexural capacity of the beam 
whereas the carbon TRM repair system fully restored the capacity. Doubling the amount of the internally 
embedded TRM layers slightly increased the flexural strength gain but reduced the beam ductility. The 
use of carbon TRM layers internally embedded within the corroded region together with TRM layers 
externally bonded along the beam span was more effective in improving the flexural response than the use 
of internally embedded TRM layers alone. Textile-reinforced mortar can be considered a very promising 
alternative for rehabilitation of corrosion-aged RC structures.

researchers have reported the success of increas-
ing the strength of corrosion-damaged beams by 
using epoxy-bonded composite sheets (Bonacci & 
Maalej 2000, El-Maaddawy & Soudki 2005, El-
Maaddawy et al. 2007). However, numerous con-
cerns have been raised concerning the performance 
of the epoxy-bonded composite systems in case of 
fire and other exposure hazards, the toxicity nature 
of epoxy, and its poor thermal compatibility to the 
base concrete.

The present study is proposed to challenge the 
shortcomings of  these traditional methods. It 
proposes a new rehabilitation technique for the 
corrosion-damaged RC structures that utilizes 
newly produced carbon and basalt fiber textile 
grids embedded between cement-based mortar 
layers as shown in Figure 1. The system is referred 
to as Textile-Reinforced Mortar (TRM). This 
repair technique overcomes the shortcomings of 
ferrocement where corrosion activity can be com-
pletely mitigated after strengthening owing to the 

1 INTRODUCTION

Reinforced Concrete (RC) structures in the Ara-
bian Gulf and worldwide suffer from extensive 
corrosion due to the harsh environment and/or 
use of deicing-salt (Almusallam et al. 1996, El-
Maaddawy et al. 2005, Mangat & Elgarf 1999). 
Traditional methods of repairing corrosion-dam-
aged RC structures involve the replacement of the 
corroded bars and the substitution of the deterio-
rated concrete layers with new concrete. One of 
the most appealing techniques for rehabilitation of 
such structures is the use of ferrocement as exter-
nal reinforcement where steel mesh is embedded in 
concrete before being layered with cement mortar. 
Despite the advantages of this method in improving 
the structure’s strength and ductility, the presence 
of the steel mesh triggers the resumption of corro-
sion after repair. Other methods implicate the use 
of epoxy-bonded fiber-reinforced polymers sheets 
attached externally to the concrete surface. Many 
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anticorrosive nature of  the textile grid used in 
reinforcing the cement mortar. The technique also 
surmounts the epoxy-bonded fiber-reinforced 
composite system that lacks fire resistance as the 
textile reinforcement is shielded between the mor-
tar layers. In addition, the compatibility between 
the TRM and the concrete substrate is inherited 
since both materials have the cement as a com-
mon “base”.

The viability of the TRM system to improve the 
flexural response of undamaged RC beams has been 
demonstrated in few recent studies (D’Ambrisi & 
Focacci 2011, Elsanadedy et al. 2013, Hashemi & 
Al-Mahaidi 2010, Hashemi & Al-Mahaidi 2012). 
Nevertheless, the effectiveness of the TRM system 
to improve the flexural response and restore the 
load capacity of corrosion-damaged RC beams 
has not been investigated. This research work 
aims at filling this gap and providing insight into 
the performance of corroded beams repaired with 
TRM layers.

2 EXPERIMENTAL PROGRAM

2.1 Test matrix

The test matrix is given in Table 1. The experimen-
tal program comprised testing of six RC T-beam 
specimens. One specimen was neither corroded 
nor repaired to act as a benchmark, one specimen 
was corroded but not repaired, and four speci-
mens were corroded then repaired using different 
TRM schemes. Specimens D-2Ci and D-4Ci were 
repaired with two and four carbon TRM layers, 
respectively, internally embedded within the cor-
roded zone. Specimen D-4Bi was repaired with four 
basalt TRM layers, internally embedded within the 
corroded region. The repair of specimen D-2Ci-
2Ce comprised two carbon TRM layers internally 
embedded within the corroded zone and two car-
bon TRM layers externally bonded to the tension 
face along the beam span.

2.2 Materials

The average cylinder concrete compressive 
strength was 25 MPa. The yield strengths of the 
tensile and compressive steel reinforcement were 
538 and 345 MPa, respectively. Two types of textile 
grids made of carbon and basalt fibers were used 
in this study as shown in Figure 2. The textile grid 
was made of joint carbon fiber bundles (rovings). 
The longitudinal carbon rovings were spaced at a 
distance of 10 mm whereas the transverse rovings 
had a spacing of 18 mm. The basalt rovings were 
spaced at a distance of 5 mm in both longitudinal 
and transverse directions. Table 2 lists the mechan-
ical properties of the textile grids as provided by 
the manufacturers. The cementitious matrix was a 
non-shrink metallic aggregate mortar produced by 
BASF and commercially known as Embeco® 885. 
The mortar had a compressive strength, flexural 
strength, and modulus of elasticity of 62, 7.9, and 
25 MPa, respectively (data obtained from the man-
ufacturer data sheet).

Figure 1. Flexural strengthening with TRM system.

Table 1. Test matrix.

Specimen 

TRM repair scheme

Material 
Internally-
embedded 

Externally-
bonded 

Control – – –
D-NR – – –
D-2Ci Carbon 2 –
D-4Ci Carbon 4 –
D-4Bi Basalt 4 –
D-2Ci-2Ce Carbon 2 2

*D = damaged; NR = not repaired; 1, 2, and 4 = number 
of TRM layers; C and B = Carbon and Basalt textiles, 
respectively; i = internally embedded within the corroded 
zone; e = externally bonded on tension face along the 
beam span.

Figure 2. Textile reinforcement. (a) carbon textile grid. 
(b) basalt textile grid.
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2.3 Test specimens

The geometry and details of reinforcement of a 
typical test specimen is shown in Figure 3. The test 
specimens were designed to resemble a flexure-crit-
ical corrosion-damaged T-beam with a corroded 
zone restricted to the middle third of the span. 
The test specimens had a length of 3200 mm and 
effective span of 3000 mm. The cross-section was 
T-shaped having a web width of 200 mm, flange 
width of 340 mm, total depth of 260 mm, and effec-
tive depth of 200 mm. The tensile steel consisted of 
three 12 mm diameter deformed bars whereas the 
compressive steel consisted of four 6 mm diameter 
plain bars. Double-leg 8 mm diameter deformed 
steel stirrups were provided at a spacing of 100 mm 
to avoid shear failure. The stirrups located within 
the corroded zone were epoxy-coated. Contact 
locations between the shear stirrups and the lon-
gitudinal steel reinforcement were isolated. The 
lengths of the tensile steel bars located outside the 
corroded region were also epoxy-coated.

2.4 Accelerated corrosion aging

A constant current density of 200 μA/cm2 was 
impressed by means of external power supplies 
through the tensile steel bars that acted as anode 
and an internal cathode in the form of a stain-
less steel tube placed longitudinally at a distance 
100 mm from the bottom soffit of the beam. To 
promote corrosion and depassify the steel in the 
corroded region, the concrete mix used to cast the 
middle third of the beam up to a height of 120 mm, 
measured from the soffit of the beam, had a 3% 
NaCl (salt) by weight of cement. The beams were 

then subjected to wet-dry cycles for 5 months. The 
wet-dry cycles consisted of 2 days of wet phase fol-
lowed by 2 days of dry phase. During the wet phase, 
water mist was sprayed on the beams by means of 
fogging compressed air mist nozzles. The speci-
mens were encased in a polyethylene cover during 
the wet phase to control the interior humidity.

2.5 Repair methodology

The repair works included edge conditioning, 
removal of deteriorated concrete, undercutting of 
exposed bars, surface cleaning of steel, roughen-
ing of concrete substrate, and application of the 
TRM layers. The beams were placed upside down 
with the beam soffit placed at the top to facilitate 
the repair work. The edges of the corroded region 
were saw-cut at 90o. The deteriorated concrete lay-
ers were removed using a chipping hammer. The 
corroded steel reinforcing bars were exposed and 
a concrete layer of approximately 30 mm below 
the bars was removed. A high-pressurized water 
jet was used to remove the rust and clean the sur-
face of the steel bars. The concrete substrate was 
then roughened using the high-pressurized water 
jet. The corroded bars and concrete substrate were 
then cleaned of dust and loose particles using a 
high-pressure air jet. A grooved area of 1200 mm 
long, 200 mm wide, and 100 mm deep was there-
fore prepared for the TRM application.

The grooved area was moistened for two days 
using wet burlaps prior to the placement of TRM 
layers. The grooved area was then filled with mortar 
of sufficient depth that covered the exposed steel 
bars. The textile grids, precut to the desired lengths, 
were then placed and fully impregnated in the mor-
tar using hand pressure. Successive layers of mor-
tar and textile were then applied until the desired 
number of layers was achieved. A final top layer of 
mortar covered the last textile grid flush with the 
beam’s soffit. The repaired areas were then covered 
using wet burlaps and plastic sheets for 24 hours to 
minimize water evaporation and to avoid the for-
mation of initial cracks along the repaired area. The 
repaired areas were then cured using wet burlaps for 
28 days then left air-cured for approximately two 
weeks prior to testing. Figure 4 shows the beams 
after surface preparation and TRM application.

2.6 Test set-up and procedure

The specimens were tested to failure in four-point 
bending configuration under displacement control 
at a rate of 1.5 mm/min. The beam span between 
supports was 3000 mm whereas the shear span was 
1300 mm (Figure 3). The load was applied using a 
servo hydraulic MTS actuator of 500 kN capacity. 
A spreader steel beam was used to spread the load 

Table 2. Properties of textile grids used in repair.

Property 

Type of textile

Carbon Basalt

Weight (g/m2) 609 250
Tensile strength (MPa) 3800 1040
Modulus of elasticity (GPa) 230 10
Elongation at break (%) 1.25–1.6 10.3

Figure 3. Details of the test specimen.
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equally to two loading points 400 mm apart. The 
applied load was recorded by means of a load 
cell placed between the actuator and the spreader 
beam. A linear variable displacement transducer 
(LVDT) was attached to the bottom soffit of the 
beam at mid span to record the beam deflection. 
All beams were instrumented at midspan with a 
60 mm long strain gauge bonded to the top surface 
of concrete and 5 mm long strain gauges bonded 
to the tensile steel bars at midspan. The measuring 
instruments were connected to a 30-channel data 
acquisition system to record the readings.

3 EXPERIMENTAL RESULTS

3.1 Corrosion cracking and mass loss

Significant deterioration was observed in all cor-
roded beams at the end of accelerated corrosion 
aging. Rust stains and longitudinal cracks were 
noticeably observed at the level of the tensile steel 
reinforcing bars. The corrosion crack width observed 
in the test specimens was on average 1.8 mm with 
a minimum of 1.2 mm and a maximum of 3 mm. 
The typical corrosion crack pattern observed in the 
corroded beams is shown in Figure 5. After testing 
the beams to failure, three steel samples, 150 mm 
long each, were extracted from the corroded bars of 
each beam, cleaned of rust according to the chemi-
cal cleaning procedure of the ASTM G1-03 (2011), 
then weighed to determine the tensile steel mass loss 
caused by corrosion. Several corrosion pits were 
observed on the surface of the corroded samples. 
The tensile steel mass loss was on average 22% with 
a minimum of 20% and a maximum of 25%.

3.2 Failure mode

The failure modes of the tested beams are shown in 
Figure 6. The control specimen exhibited a conven-
tional flexural mode of failure that was initiated by 
yielding of the tensile steel followed by crushing of 
concrete at the compression face. Specimens D-NR 
and D-4Bi failed by fracture of the tensile steel 
without crushing of concrete. Specimens D-2Ci 
and D-2Ce failed by yielding of the tensile steel 
followed by intermediate flexure crack-induced 
interfacial debonding at the mortar/textile inter-
face. In this failure mode, debonding at the mortar/
textile interface was initiated at a flexure crack in 
the constant moment region or under one of the 

Figure 4. TRM repair. (a) surface preparation. (b) 
TRM application.

Figure 5. Typical corrosion crack pattern.

Figure 6. Failure modes. (a) concrete crushing. (b) frac-
ture of tensile steel. (c) intermediate flexure crack-induced 
interfacial debonding. (d) concrete cover separation. (e) 
mixed flexure-shear crack-induced interfacial debonding/
concrete cover separation/local concrete crushing.
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load points then propagated towards the ends of 
the TRM layers. Specimen D-4Ci failed by yielding 
of the tensile steel followed by peeling of the con-
crete cover (i.e. concrete cover separation). In this 
failure mode, failure was initiated by the formation 
of an inclined crack at the vicinity of the TRM 
reinforcement. This crack progressed horizontally 
towards the midspan along the tension steel rein-
forcing bars causing the separation of the concrete 
cover. Specimen D-2Ci-2Ce failed by yielding of 
the tensile steel followed by intermediate flexure-
shear crack-induced interfacial debonding at the 
mortar/textile interface. Debonding was initiated 
at the mortar/textile interface of the externally 
bonded TRM layers due to the formation of a 
flexure-shear crack at the vicinity of the TRM 
reinforcement. The debonding propagated towards 
the ends of the externally bonded TRM layers. As 
the load progressed, an inclined crack developed at 
the vicinity of the repaired region then progressed 
horizontally towards the midspan causing concrete 
cover separation. Local concrete crushing at the 
top surface of concrete was also observed at the 
onset of failure of specimen D-2Ci-2Ce.

3.3 Load-deflection response

The load-deflection responses of the tested speci-
mens are depicted in Figure 7. From this figure, it 
can be seen that corrosion damage and cracking 
significantly reduced the load capacity and ductil-
ity of the unrepaired beam but had insignificant 
effect on the beam stiffness. The effectiveness of 
the TRM repair system to improve the flexural 
response of the corroded beams and restore the 
original load capacity of the beams was highly 
dependent on the type of the textile reinforcement 
and number/distribution of the TRM layers within 
the beam span. The basalt TRM repair system was 
not effective in improving the flexural response 
whereas the internally embedded carbon TRM 
layers fully restored the load capacity and ductil-
ity, expect for specimen D-4Ci where only 90% 
of the ductility was restored. The use of carbon 
TRM layers internally embedded within the cor-
roded region together with TRM layers externally 
bonded along the beam span was more effective 
in improving the flexural response than the use of 
internally embedded TRM layers alone. Detailed 
analysis of the test results in terms of strength and 
ductility are presented in the following sections.

3.4 Strength analysis  

The strength results are summarized in Table 3. 
The yield and ultimate loads of the corroded 
beams are compared to those of the control speci-
men. Corrosion of steel reinforcement significantly 

reduced the yield and ultimate loads of specimen 
D-NR relative to those of the control specimen. 
A 22% average tensile steel mass loss resulted in 
approximately 28% reduction in the load capacity. 
The reduction in load capacity was greater than 
the reduction in the average steel mass loss caused 
by corrosion because of the presence of corrosion 
pits on the surface of the steel bars, which resulted 
in fracture of the tensile steel shortly after yielding 
without crushing the concrete. The use of two lay-
ers of internally embedded carbon TRM restored 
approximately 85% of the beam yielding load but 
fully restored the ultimate load. Increasing the 
number of carbon TRM layers further increased 
the yielding and ultimate loads. The yielding load 
of specimen D-4Ci was approximately 94% of 
that of the control specimen whereas its ultimate 
load exceeded that of the control specimen by 
approximately 9%. This demonstrated the effec-
tiveness of the carbon TRM system in improving 
the flexural response and restoring the load capac-
ity of corroded RC beams. The use of four layers 
of internally embedded basalt TRM had no effect 
on the yielding load but slightly increased the ulti-
mate load relative to those of specimen D-NR. 

Figure 7. Load-deflection response.

Table 3. Strength results.

Specimen

Load values Load ratio* 

Yield (kN) Ultimate (kN) Yield Ultimate 

Control 47 57 – –
D-NR 34 41 0.72 0.72
D-2Ci 40 57 0.85 1.00
D-4Ci 44 62 0.94 1.09
D-4Bi 34 44 0.72 0.77
D-2Ci-2Ce 48 79 1.02 1.39

*With respect to those of the control beam.
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The basalt TRM repair system could not restore 
the load capacity of the control beam. The load 
capacity of specimen D-4Bi was approximately 7% 
higher than that of specimen D-NR yet 23% lower 
than that of the control specimen. The inferior per-
formance of specimen D-4Bi can be attributed to 
the reduced modulus of elasticity of the basalt tex-
tile reinforcement. Specimen D-2Ci-2Ce exhibited 
superior performance relative to all specimens. The 
yielding load of specimen D-2Ci-2Ce was approxi-
mately 9% higher than that of specimen D-4Ci and 
almost equal to that of the control specimen. The 
ultimate load of specimen D-2Ci-2Ce was approxi-
mately 27% higher than that of specimen D-4Ci 
and 39% higher than that of the control specimen. 
The flexural response of specimen D-2Ci-2Ce out-
performed that of its counterpart specimen D-4Ci 
because of the increased development length of the 
two externally bonded TRM layers, which delayed 
the debonding of the TRM layers, separation of 
the concrete cover, and hence allowed the beam to 
develop a high load capacity.

3.5 Ductility performance   

Large deflection before failure would provide 
ample warning of structural distress. The beam 
ductility is the capacity of the beam to sustain 
large deformation before failure without a signifi-
cant drop in load after yielding of the tensile steel 
reinforcement. The ductility index is defined as 
the ratio of the beam deflection at ultimate load 
to the deflection at yielding load. Deflections of 
the tested specimens and their ductility indexes 
are given in Table 4. The ductility indexes of the 
corroded specimens are compared to that of the 
control specimen.

The ductility index of the corroded-unrepaired 
specimen D-NR was approximately 24% lower 
than that of the control specimen. The deflec-
tion of specimen D-NR at ultimate load was 60% 
lower than that of the control specimen. This can 
be attributed to the premature failure of speci-
men D-NR by fracture of the tensile steel without 
crushing of concrete. The deflection of specimen 
D-2Ci at ultimate load was approximately 92% of 
that of the control specimen but its ductility index 
exceeded that of the control specimen by approxi-
mately 50%. Doubling the amount of the carbon 
TRM layers reduced the deflection at ultimate 
load and the ductility. The deflection of specimen 
D-4Ci at ultimate load was approximately 67% 
of that of the control specimen whereas its duc-
tility index was approximately 91% of that of the 
control specimen. Although the ductility index of 
specimen D-4Bi was almost equal to that of the 
control specimen, its deflection at ultimate load 
was approximately 23% lower. The deflection of 

specimen D-2Ci-2Ce at ultimate load was almost 
equal tot that of the control specimen but its duc-
tility index was 35% higher. These results demon-
strated the viability of using externally bonded 
TRM layers in combination with the internally 
embedded layers to improve both the load capac-
ity and ductility.

4 CONCLUSIONS

The flexural response of severely corrosion-dam-
aged RC beams repaired with TRM systems has 
been investigated in this study. Based on the test 
results, the following conclusions can be drawn:

− The reduction in load capacity of RC beams 
caused by corrosion was greater than the reduc-
tion in the tensile steel mass loss. A 22% average 
tensile steel mass loss resulted in approximately 
28% reduction in the load capacity. The cor-
roded-unrepaired beam failed prematurely by 
fracture of the tensile steel shortly after yielding 
which resulted in approximately 60% reduction 
in the deflection at ultimate load and 24% reduc-
tion in the ductility.

− All corroded beams repaired with TRM systems 
failed by yielding of the tensile steel followed by 
intermediate crack-induced interfacial debond-
ing, except specimens D-4Bi and D-4Ci that 
were repaired with four basalt and four carbon 
TRM layers, respectively, internally embedded 
within the corroded region. Specimen D-4Bi 
failed by fracture of tensile steel whereas speci-
men D-4Ci failed by concrete cover separation. 
In both cases, yielding of the tensile steel pre-
ceded failure of the beams.

− The effectiveness of the TRM repair system to 
improve the flexural response of the corroded 
beams was highly dependent on the type of the 
textile reinforcement and number/distribution 
of the TRM layers within the beam span.

Table 4. Ductility results.

Specimen

Deflection values 

Ductility 
index 

Ductility 
index ratio*

Yield 
(mm)

Ultimate 
(mm)

Control 16.3 75 4.6 -
D-NR  8.6 30 3.5 0.76
D-2Ci 10 69 6.9 1.50
D-4Ci 12 50 4.2 0.91
D-4Bi 12.6 58 4.6 1.00
D-2Ci-2Ce 12 74 6.2 1.35

*With respect to the ductility index of the control beam.
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− The basalt TRM repair system could not restore 
the original load capacity of the corroded beam 
due to its low modulus of elasticity. On the con-
trary, two internally embedded carbon TRM 
layers fully restored the original load capacity of 
the beam.

− Increasing the amount of the internally embed-
ded carbon TRM layers from two to four further 
increased the flexural strength to a level higher 
than that of the control specimen yet reduced 
the beam ductility.

− The use of carbon TRM layers internally 
embedded within the corroded region together 
with TRM layers externally bonded along the 
beam span was more effective in improving the 
flexural response than the use of similar amount 
of TRM layers internally embedded within the 
corroded zone.
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ABSTRACT: The existing Varsova Bridge across Vasai Creek, called as Bassein Creek Bridge when 
constructed, was opened to traffic in 1968. It is in Mumbai Ahmedabad section of NH-8, about 35 Km 
from Mumbai. Major cracks were noticed in the West side girder of the penultimate span from Mumbai 
end on 12th December 2013. The site was inspected for assessment of the damage. It was decided to 
replace the said span with composite steel girder. The real task was to dismantle the existing PSC span 
without any debris falling in the creek and working in a very restricted work area as well as within a very 
short period. This paper discusses the replacement done accounting for the constraints imposed from 
the design and construction of the existing structure, formulating replacement scheme, design of new 
structure, dismantling the damaged PSC span and its replacement with composite deck, steel girders and 
concrete deck slab.

2 THE DAMAGE

Existing girder on West side suspended span of 
penultimate span on Mumbai end developed 
wide cracks at center (Figure 3). Cracks were pre-
dominant on one side of central diaphragm. The 
major crack was about 150 mm wide at the bottom 
flange. It progressed towards top and away from 
center. Crack had branched out while progress-
ing. A large portion of concrete was missing at 
the crack location. The reinforcement and inter-
nal prestressing cables were exposed at the crack 
location (Figure 4). Some of the prestressed wires 
of internal cables were snapped. At top of deck, a 
perceptible kink was observed in railing, directly 
above the location of the crack. Some cracks 
were observed in intermediate diaphragm at one 
of the deviator blocks for external tendons. The 
suspender plates of deviator block at this location 
were also twisted.

Obviously the damaged girder remained in posi-
tion due to external prestress provided and a com-
plete collapse of span was averted.

1 BRIDGE DETAILS

The Bridge is 555.32 m long with 8 spans. The 
span arrangement is 48.46 + 2 × 57.3 + 2 × 114.6 
+ 2 × 57.3 + 48.46 m. The main spans from cen-
tral three piers were built with balanced cantilever 
construction. These are with single cell box girder. 
The cantilever construction was continued in adja-
cent penultimate spans with overhangs of 8.84 m 
each. These overhangs support suspended spans 
of 48.46 m. Suspended spans as well as end spans 
are with two nos., pre-cast post tensioned girders 
with in-situ deck slab. Thus the bridge has 6 spans 
continuous module for a length of 458.4 m. Over-
all deck width is 10.77 m. Rocker and rocker cum 
roller bearings are used at all the locations. Thin 
plate piers are provided at all locations. Except at 
penultimate foundation locations, only a single row 
of bearings is provided over all piers. All founda-
tions are with cassions.

Each girder of all 4 simply supported spans was 
strengthened with 20 nos. of 12.7 mm dia. External 
single strand tendons. (Figures 1–2).
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3 LIMITATIONS IMPOSED BY EXISTING 
STRUCTURAL SYSTEM

The drawings for the existing bridge were not easily 
available. The details of external pre-stress applied 
to simply supported spans were available with the 
Authority. The details of the cable profile of the 
continuous structure, central 4 continuous spans 
with overhangs were also available. The original 
contractor was able to retrieve the drawings of the 
simply supported spans.

Some startling facts emerged from the available 
details. The articulations supporting 48.46 m long 
suspended spans were prestressed. Dimensions of 
the articulations were just sufficient to place bear-
ings. As such no space was available to provide any 
sort of supporting arrangement at this end. The 
rocker bearings over articulations were with fully 
anchored rag bolts. The bottom plates could not 
be removed without breaking articulations. The 
cantilever overhangs of continuous module were 
pre-stressed in longitudinal direction. Any increase 
in the load over the articulations was clearly ruled 
out.

The span preceding overhang had majority 
of  the cables at top. Unfortunately details of 
cable layout at bottom were not available. No 
anchorages for bottom cables were seen inside 
the span. It was then concluded that the bottom 
tension was probably catered by un-tensioned 
reinforcement. This led to conclusion that any 
reduction in load in cantilever will induce unfa-
vorable tensile moment at bottom of  the said 
span.

The penultimate pier supported two equal sim-
ply supported spans. The dead load effects were 
balanced on the pier and pier cap. The pier cap had 
cantilevers that supported the span. Any change 
in reaction of new structure would induce unbal-
anced loads and cause some overstress in pier 
cap as well as pier and cassion foundation at this 
location. In absence of the detailed drawing it was 
not possible to determine the allowable extent for 
change in loads.

From the foregoing findings it was concluded 
that “The load on articulations as well as at 
other end had to be matched to that of  exist-
ing structure.”, else some undesirable stresses 
would be induced in the supporting structures. 
Since the existing bridge is more than 50 years 
old it was prudent not to overstress any of  the 
components.

The equipment for dismantling had to be 
erected over damaged and existing structure. 
Obviously the same had to be designed in such a 
way that the induced forces would be within the 
live load effects so as not to overload the structure 
at any stage.

Figure 1. Elevation showing external pre-stressing.

Figure 2. Bottom view of external pre-stressing.

Figure 3. Cracks in damaged girder (Elevation of 
girder).

Figure 4. Cracks in damaged girder (soffit of girder).
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4 LIMITATIONS IMPOSED BY LOCATION 
OF THE BRIDGE

The bridge is within tidal zone. The navigation 
clearance is provided in central span only. The deck 
had almost 3% slopes towards abutments. As such 
the head room below the damaged span from high 
tide level was extremely limited for any equipment 
to operate. The bed in creek comprises of very soft 
marine clay, about 6 to 8 m deep. Providing any 
sort of supports from bed was therefore ruled out.

5 DISMANTLING SCHEME

Supporting the deck from bottom was ruled out 
due to bed stratum as well as low restricted head 
room. The support therefore had to be from the 
top of deck. Available draft, especially at low tide 
condition was too small to float crane with suffi-
cient capacity. Restricting operations during high 
tide would have required much larger construc-
tion time than available. Deployment of any barge 
mounted crane was ruled out.

Another option was to erect launching girder 
across the damaged span. The launching girder would 
have enabled to remove the intact girder as a whole. 
The damaged girder in longitudinal direction was 
stable but the crack at center would have rendered it 
unstable in transverse direction while removal, espe-
cially so in absence of deck slab or diaphragms. These 
were providing the lateral stability to damaged girder 
and preventing its collapse. In addition the difficulties 
in availability of the launching girder, taking it across 
the existing end span as well as damaged span, need 
for side shifting of existing girders below launching 
girder ruled out use of any launching girder.

This led to proposal of erecting girders exactly 
over each of the existing girders and suspending the 
segments of existing girders from the erected girders. 
Thus use of two steel girders was obvious to fit the 
same. The use of concrete girders was ruled out as 
weight of full concrete deck with present code provi-
sions would be excessive. The present code provisions 
required a three girder system with thicker compo-
nents resulting in significantly heavier structure. The 
dimensions of old structure were quite thin compared 
with present code requirements, e.g. web thickness, 
cable spacing etc. The support arrangement for new 
deck on existing bearings would also be impractical 
for three girder system. Concrete structure, within 
weight limits and complying with present codes was 
not possible. Only viable option was steel girder with 
concrete deck slab. Only two girders could be used 
enabling simpler seating on bearings.

Use of composite deck with two steel girders 
was then finalized as it facilitated both dismantling 
as well as permanent structure.

6 DISMANTLING SEQUENCE

The major steps were as below (Figure 5 Shows 
schematic sequence).

6.1 Remove the services/utility cables laid over 
footpaths

6.2 Cut the footpaths and part of  the cantilever 
slab, keeping the flanges of  the precast 
girders intact along with deck slab over 
them

6.3 Remove existing bituminous wearing coat

6.4 Assemble steel girders in the approach, in 
line with intact girder of the damaged span

6.5 Launch the steel girder over intact girder 
across the damaged span

6.6 Support this girder beyond diaphragm at 
articulations of cantilever overhang on one 
end, in line with girder/webs and over beams 
on other end

6.7 Side shift 1st girder to place it over the 
damaged girder

6.8 Launch 2nd girder across the intact span. Fix 
cross diaphragms/bracings for lateral stability

6.9 Lift the girders to ensure clear headroom of 
1.5 m for working space

6.10 Erect the suspension system for cut segments 
of girder/deck.

6.11 Remove he deck in between girder flanges 
and cross diaphragms, except in central 
portion of span as these were necessary for 
lateral stability

6.12 Cut girder segments about 3 m long and 
weighing 10t each, on an average

6.13 Remove the cut segments with a moving 
trolley over main steel girders and strand 
jacks mounted over the trolley

6.14 Lower the cut segments in the barge 
stationed below

6.15 Retrieve the embedded parts of the bearings 
from cut segments. Clean all the components 
and re-assemble at locations

6.16 Lower the main girders over assembled 
bearings

6.17 Erect shuttering for the deck slab and cast 
the same. Follow this with casting of raised 
footpaths and parapets

6.18 Fix expansion joints, lay bituminous wearing 
coat and open to traffic
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7 DETAILING OF NEW STEEL GIRDERS

Since the existing bearings were to be used it was 
prudent to adopt the overall depth of new struc-
ture same as existing structure. An assessment of 
load that can be safely rolled over intact girder 
was made. Accordingly steel girders and concrete 
slab were dimensioned for permanent structure. 
Medium tensile steel of grade E350 BR was used 
for main girders and of grade E250 BR for other 
components to control weight. All joints, except at 
splice locations were welded. HTS, grade 8.8 bolts 
were used for splicing.

The web depth of the girder of 2.45 m was cho-
sen to suit the available plate width of 2.5 m. In 
order to match weight of old and new structure 
solid raised footpath configuration and deck slab 
for full deck width was retained. The overall deck 
dimensions at articulation end were kept exactly 
same as old structure, enabling direct connection 
of bearings at that end. This arrangement resulted 
in overall depth of the deck as 160 mm less than 
the existing structure. Therefore a block of welded 
plates to connect the bearings at pier end to the 
girder was provided.

8 TEMPORARY SUPPORT 
ARRANGEMENT OF GIRDERS

The temporary supports were provided over webs/
girders of adjacent spans so as to transfer load 
directly to girders & bearings. To facilitate this, 
brackets from top flange was provided at either 
ends. These brackets were bolted to top flanges 
for easy removal before casting of deck slab. 
(Figure 6)

The temporary supports for the girders were 
in form of trestles at each end (Figure 7). Trestles 

Figure 5. Schematic arrangements for construction 
sequence.
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were made in pieces that could be easily handled 
for raising and lowering. Two trestle arrangements 
were necessary as temporary supports during rais-
ing & lowering operations were unavoidable.

9 SUSPENDING ARRANGEMENT FOR 
HOLDING CUT SEGMENTS

Basic arrangement for suspending cut segments 
of the girders was with pair of beams across the 
two main girders for each of the segments, weigh-
ing about 10t. Beams were spaced at 1.5 m C/C 
with respect to corresponding segment that was 
to be held. Thus four suspenders were planned for 
each of the segments. Each of the suspenders was 
designed to carry half  the load of the segment at 
working stress level. (Figure 8)

Since the girders were with external pre-stress as 
well as some residual pre-stress in damaged girder 
and full in intact girders, each of the segments of 
L/4 length resulting from first cuts were expected 
to act one unit. Therefore the suspenders on either 
side of first cuts were designed to carry load of the 
said length of the girder. (Figure 9)

The suspenders held the girder segments through 
beams connected to segment at top of slab. Each 
beam was connected to segment through two bolts 
drilled and socketed in deck slab. Six nos. of trial 
anchors were tested for pull out load varying from 
14t to 18t.

The slab and diaphragm panels were com-
paratively light, weighing about 2.5t. These were 
suspended directly from the girders. The removal 

Figure 6. Bracket arrangements for lifting and lowering 
of main girders.

Figure 7. Trestles for supporting main girders during 
dismantling of damaged girder.
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of cut segment was planned with moving trolley 
over steel girders. Four strand jacks, two on either 
side of each girder were mounted on trolley. The 
strands were connected to beams on girder seg-
ments through hooks and segments were lowered 
on to the barge below. For slab and diaphragm seg-
ments, the same were held in position by middle 
pair of jacks and then cut & lowered.

10  PROCEDURE FOR DISMANTLING 
OF DAMAGED SPAN

The cantilever footpaths along with some part of 
deck slab, till edge of flange of original precast 
girder were cut in segments of 2.5 to 3 m length. 

Figure 8. Suspending arrangement of cut segments.

Figure 9. Suspending arrangement of cut segments at 
L/4 location of girders.

These segments were initially supported with crane 
on deck. Same was later replaced with a 50t crane 
on adjacent span as deformations of damaged 
girder were observed with crane on deck. The slab 
in between girders was cut in two stages. Firstly 
transverse cuts were completed for segments prior 
to launching of the steel girders. Individual seg-
ments of slab were cut with support from launched 
steel girders. Diaphragms were cut after damaged 
main PSC girder was cut into segments.

Existing precast girders weighed about 180 T 
each with in-situ slab over their flanges. Initial cuts 
were planned at L/4 location. These were in two 
stages, first cutting bottom bulb and web followed 
by top flange. The 20 nos. of strands for external 
pre-stress were to be cut sequentially during this.

After completing first two cuts and cutting 
strands of external pre-stress, the cutting of girder 
in 3 m long segments was allowed as per site 
convenience.

Diaphragms were cut in parallel to the activity 
of cutting smaller segments of first girder. Slabs 
and diaphragms panels were held through anchor 
bolts at 4 locations for slab panel and 2 locations 
for diaphragm panels. No suspenders were pro-
vided for these but held directly from movable trol-
ley on girders.

11  REMOVAL OF EXISTING DAMAGED 
SPAN

11.1  Cantilever footpaths and part of deck slab

A 50t capacity crane was mobilized for holding 
segments. A careful study and check was made to 
decide the position of the crane and its outriggers 
to maintain the loads transferred within carrying 
capacity of the deck.

11.2  Installing and testing anchor bolts

As a precaution and ensuring the workability and 
capacity of the anchor bolts and existing slab 
concrete, it was decided to install six nos. of test 
anchor bolts. As per the design of the anchor bolts 
of 150 mm anchor depth for 20 mm dia. HTS 
anchor bolts were necessary.

Five anchors were tested for 13.6t load each 
while one was tested till 18t load. (Figure 10)

11.3  Fabrication, erection, launching and 
positioning of main steel girders

A track with 52 Kg rails was laid in line with intact 
girder of the span over approach of the bridge and 
over intact girder to transport the steel girders in 
damaged span. The steel girders were erected over 
trolleys on rails.
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Girders were launched over the damaged span 
one after the other. First girder after launching 
across the span was side shifted. The support to 
girder was over the diaphragms of the span so as no 
load was to be transferred to damaged girder. The 
second girder was then launched in similar way. 
Cross diaphragms and bracings were installed. The 
girder assembly was then lifted to its desired posi-
tion over trestles to support cut segments of the 
damaged span. The assembly was raised and main-
tained in horizontal alignment. (Figures 11–12). 
Movable trolley was erected over track to launch 
the girders.

11.4  Removal of intermediate slab and 
diaphragm  panels

The intermediate slab panels were removed, start-
ing from one end.

11.5  Removal of segments of the girders

The cutting was done with diamond studded wire 
saw in conjunction with concrete saw whenever 

required. The cut was from bottom upwards. First 
two cuts were at L/4 positions.

Unexpectedly, wire saw was getting frequently 
stuck while cutting the webs. This appeared to be 
due to pre-stress from external as well as internal 
cables. This slowed down the progress quite signifi-
cantly which lead to grossly underestimating the 
overall time.

Prior to start of the initial cuts suspenders of 
the proposed segments were tightened and tighten-
ing was continued, prior to cutting of each of the 
external strand set, as well as after cutting them. 
Suspenders on either side of the cut were invari-
ably found to be tight indicating the load transfer 
to them and three segments spanning across them, 
as predicted.

After completion of  first main cuts further cut-
ting was continued at two locations in the girder 
till all segment was complete. For removal of 
the segments, the lifting beams were attached to 
segments. These beams were connected to over-
head jacks on trolley. The jacks then lowered 
the segments in the barge positioned below the 
segment for transporting them to dump yard. 
(Figures 13–14)

While lifting and lowering the last segment at 
Mumbai end, anchor bolts in the concrete failed 
one after the other. Fortunately the piece was on 
pier cap and was laterally held hence it did not fall 
in the creek but got settled on cap. The saddle plate 
of rocker cum roller bearing at this end slipped 
into the creek. Rollers were fortunately held by 
bottom plate and remained in dangling position. 
The segment and rollers were secured over cap 
with wooden wedges immediately. All dismantling 
operations were without any untoward incident. 
(Figure 15)

Figure 10. Photo showing pull out testing of anchors 
in progress.

Figure 11. Main girders launched over the damaged 
span.

Figure 12. Main girders launched over the damaged 
span.
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12  RE-FIXING OF BEARINGS AND 
LOWERING OF STEEL GIRDERS

The top plates of the rocker bearings were 
removed from cut segments. All the plates were 
cleaned and inspected. Only surface rusting and 
some dried grease stains existed. These were thor-
oughly cleaned and installed. A new saddle plate 

was manufactures for the one that fell in creek. The 
bolts connecting bearings to girders were removed. 
Existing bolt threads were inspected and new bolts 
manufactured to suit the same for the required 
length. The shear pins in rocker bearings were also 
removed and replaced with new.

The main steel girders were provided with slot-
ted holes in bottom flanges to pass the bolts con-
necting bearing plates and to fasten them. This 
enabled fixing of bearings quite smoothly to the 
new girders.

Steel girders were then lowered in position. 
The rocker bearings at one end were aligned and 
matched with existing bottom plates, embedded 
in articulations. The rollers of the bearings on 
other end were set at required position for ambi-
ent temperature for resting the rocker assemblies 
over them.

13 COMPLETING BALANCE ACTIVITIES

The uncertain and unfamiliar activities for replace-
ment of the span were almost over. Casting of deck 
slab and providing other miscellaneous items how-
ever became a challenge on account of very small 
time left for the same. However these were com-
pleted quite fast. The bridge was opened to traffic 
within 10 days lowering the steel main girders in 
position.
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Figure 13. Lowering in progress.

Figures 14. Lowering of girder segments by partly 
completed.

Figure 15. Lowering of existing damaged girders com-
pleted and last segment lowered in the barge.
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Repair and retrofitting of two mega liter post tensioned, precast 
concrete tanks for molasses storage
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ABSTRACT: In this paper, retrofitting and repair of post tensioned, precast concrete molasses storage 
tanks, constructed in Durban, South Africa, is presented. The two mega litre precast concrete tanks were 
constructed to store molasses for a yeast manufacturing plant. The tank floors consist of a post tensioned 
concrete slab. Vertically pre-stressed concrete panels, post tensioned horizontally, form the walls of the 
tanks and a tarpaulin roof is used to protect the molasses from the environment. Both tanks had signifi-
cant defects and could not be certified to hold molasses. These included, insufficient grout strength, back-
ward bending, omitted post tensioning cables, sliding of panels and structural defects in precast panels. 
The tanks were repaired by carefully retrofitting external pre-stressed cables to the precast panels. Stressing 
forces are transferred to the precast panels by means of X-Anchors. A concrete curtain wall was cast on the 
interior to provide a durable leak proof system. A Sika combiflex bandage was used to ensure a watertight 
movement joint on the inside of the tank. The repair of each tank was completed within two months.

numerous precast rectangular and cylindrical 
tanks in New Zealand (Taylor and Wright 2003). 
Karbaschi and Goumdarzizadeh 2011 investigated 
the effect of the height to diameter ratio, post 
tensioning force value, liquid level and installing 
position of tendons on seismic response of the 
tank. Karbaschi and Goumdarzizadeh 2011 found 
that adding post tensioning cables is an efficient 
method for decreasing opening joints of wall pan-
els in horizontal earthquake motions.

Post tensioning systems are widely used in struc-
tures. These systems are grouped in two categories 
namely bonded and un-bonded systems (Bijan O 
1994). Un-bonded tendons do not form a bond 
along its length with the concrete as it is protected 
from corrosion with a plastic sheathing as well as 
a grease layer as indicated in Figure 1. Stresses in 
the tendons are transferred via anchors provided at 
the ends. Bonded tendons on the other hand form 
a continuous bond with the concrete surrounding 
it thus allowing for stress transfer.

SMEC South Africa was appointed to design 
six tanks, which would be used for molasses stor-
age by a yeast company in Durban South Africa. 
Molasses, is a viscous by-product of the refining 
of sugarcane or sugar beets into sugar and has a 
density of 14 kN/m3 which is 40% more dense than 
that of water.

1 INTRODUCTION

Convectional cast in-situ concrete tanks provide 
a suitable choice for storing liquids such as water 
and molasses. In recent years, the use of precast 
concrete increased in many fields of civil engineer-
ing mainly due to shorter construction periods. 
Precast concrete has been applied in construct-
ing bridges, and highway pavements for numerous 
years. Precast concrete panels have recently been 
used in the construction of storage tanks (Karbas-
chi and Goumdarzizadeh 2011). The fabrication 
of precast concrete components allows greater 
flexibility to reduce on-site personnel and increase 
the use of local unskilled labor (Hjorteset, et al. 
2013).

Tanks constructed by using precast elements 
generally have two shapes; rectangular or circu-
lar. The use of the precast concrete panels instead 
of conventional in-situ concrete, considerably 
increases the speed and precision of construction 
(Karbaschi and Goumdarzizadeh 2011).

In the field of precast or preptressed concrete, 
numerous research papers and handbooks have 
been published (Khaloo 2003). Only a few pub-
lications are available for precast concrete tanks. 
One of the major papers published on the sub-
ject involves the study of seismic retrofitting of 
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Each tank consists of a post tensioned cast in-
situ base slab. Pre-stressed, precast panels form the 
wall of the tank. The tanks are covered by a tar-
paulin roofs supported on a steel poles as indicated 
in Figure 2.

Construction of two of the tanks were stopped 
due to major defects present which included miss-
ing un-bonded strands, defects in precast pan-
els and the as-built geometry of the tanks. These 
defects where mainly due to poor construction. 
Although defects were present in two of the six 
tanks, only one tank is presented as the defects and 
remedy of the two tanks are similar.

In this paper the design of the tank walls is 
provided. Defects present after construction are 
discussed in detail. The remedy which included 
carefully retrofitting of external pre-stressing 
cables to the tank is also presented.

2 DESIGN OF THE WALLS

The entire tank was designed by SMEC, however, 
only the design of the walls is the focus of this 
paper as it is the most complex part of the tank.

The tank has an internal diameter of 21.0 m, is 
7 m high and comprises of 44 precast panels. 26 
un-bonded strands were used, in sleeves provided 
in the panels, to stress the panels together. Stress-
ing buttresses were placed at panels 1 and 23.

The limit state design method was used to 
design the tank. The tank was designed in accord-
ance with:

• The South African Standard Code of Practice—
Structural Use of Concrete: SABS 0100-1 Edi-
tion 2.2 (2000) and;

• The British Standard Code of Practice for—De-
sign of Concrete Structures for Retaining Aque-
ous Liquids: BS 8007:1987.

Design loading is in accordance with SABS 
01060-1989 as amended 1990, 1991 and 1993. The 
following design loading was used:

• Live Load – Molasses 14,0 kN/m3 and;
• Dead Load – Reinforced concrete 24 kN/m3.

The precast wall panels comprise of vertically pre-
stressed concrete class 50/19, with Young’s modulus 
of 34 GPa. Prestressing steel is low relaxation super 
grade with a minimum characteristic strength (CS) of 
1770 MPa and complies with BS 5896. The Young’s 
modulus of the prestressing steel is 195 GPa.

The unbounded strands used to prestress the 
panels horizontally were stressed such that the 
pressure at the joints is more than 1.5 MPa when 
the tank is full. The width of the seal between the 
panels is 70 mm.

The following losses are present: steel relaxation 
of 2.5%, losses in the jack of 4% during stress-
ing, long term creep loss of 0.83%, shrinkage loss 
of 2.58%, wobble and friction loss of 32.5% and 
wedge slip of 8 mm after seating of the wedge.

3 DEFECTS PRESENT AFTER THE 
CONSTRUCTION OF THE TANK

After a site investigation to ascertain the condi-
tions of the tank constructed, it was clear that the 
tank was not fit to be used for molasses storage. 
The defects present in the tank are discussed next.

3.1 Grout between panels

The grout between the panels has two main 
functions:

1. To evenly transfer the stresses from one panel to 
the other.

2. To act as a water proofing barrier once the tank 
is in use.

Cube results for the grout used between the 
panels were not provided by the contractor. As a 
number of grout mixes were made and because 
the grout was in development phase, it would be 
expected that more than one batch of concrete 
cubes would be tested. It is vital that cube results 
are obtained as the structural integrity of the 

Figure 1. Un-bonded strand indicating the plas-
tic sheathing and grease infill (Adapted from Bijan O 
1994).

Figure 2. 7 m High, 21 m diameter, molasses storage 
tank.
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tank cannot be determined without the results. It 
is important to note that since the grouting layer 
between the panels is thin (2 mm – 8 mm), it was 
not possible to confirm the compressive strength 
of the as-built grout without the cube results.

The grout between the must be applied at equal 
thickness to avoid a stress concentration in iso-
lated areas of the precast panels as stresses are 
transferred from one panel to the next. From the 
investigation it could not be ascertained whether 
the grout was applied evenly.

3.2 Stressing of un-bounded strands

The strands are stressed in two stages. The initial 
stressing is performed after the construction of all 
panels. Final stressing is only performed once the 
grout between the precast wall panels has reached 
30 MPa.

The final stressing of the tank was not com-
pleted as a number of cables where not installed in 
the tank as summarized in Table 1.

It is important to note that all cables are crucial 
to ensure adequate compressive stress at the joints. 
It was thus critical that the contractor installed all 
the cables as per the SMEC design.

3.3 As-built geometry of the tank

The geometry of the tank is of utmost importance. 
If  the panels are not installed circular, as per the 
construction drawings, large stresses can be experi-
enced between subsequent panels. With reference to 
Figure 4, dimension O, is calculated to be 110 mm 
for this tank. If  this dimension is not within tol-
erance a stress concentration will be experienced 
at the interface between the two panels. The mini-
mum allowable dimension for O is 53 mm and the 
maximum is 289 mm. If  the dimension is less than 
53 mm, two adjacent panels are almost horizontal 
to one another and a phenomenon named back-
ward bending is experienced.

The as-built dimension O for each subsequent 
panel is provided in Figure 4.

It is apparent that panel 33-34-35 is not within 
tolerance. The final stressing of the tank could 
not commence before the panels were moved to 

the correct position. The process of moving pan-
els after the grout has hardened is very delicate. 
The risk of creating leaks is inevitable as the grout 
cracks when the panels are moved. Grout must 
therefore be replaced by pressure grouting, which 
is a specialist task.

3.4 Sliding of the panels

The precast panels slide on a ceramic tile as the 
grout between the panels settles during initial stress-
ing and shrinks elastically during final stressing. It 
can be seen in Figure 5, that an adequate sliding 
surface was not provided. Defects in the precast 
panel were introduced by a restraint in sliding.

3.5 Defects in precast panels

The 50 MPa, vertically stressed precast concrete 
wall panels forms an integral part of the tank. The 
integrity of these panels is of great importance to 
ensure the longevity of the structure.

Figure 6 shows an opening cut into a precast 
panel to allow the stressing cable to pass through 
a blocked joint between two panels. This defect is 
at the bottom part of the tank, where the pressure 
is at a peak.

Table 1. Cables that was not installed in the tank.

Number of cables
Half of Tank

Tank

Left Right

Design 26 26
Installed 24 22

Cables not all around  4

Figure 3. Geometry of the precast panels. O is the 
dimension from the horizontal reference line to the panel 
joint.

Figure 4. As-built of dimension 0 for the tank.
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4 IMPLEMENTATION OF THE REPAIR OF 
TANK BY RETROFITTING

The repair of the tank was vital due to the high 
demand for molasses storage in South Africa. SMEC 
was appointed by the yeast company to design a 
solution that would allow the tank to be used for 
molasses storage as soon as possible. The designed 
solution is discussed in the following section.

4.1 Curtain wall

The defects of the tank was severe. Numerous rem-
edies and retrofitting were required to repair the 
tank. Missing cables could not be fitted afterwards 
as cable ducts were blocked by grout in the joints. 
Due to the holes in the panels as well as missing 

cables, a curtain wall was constructed on the inside 
of the tank. The curtain wall acts as a waterproof-
ing barrier and forms a composite section with the 
precast panels. A sketch of the curtain wall is pro-
vided in Figure 7.

The precast panels were utilised as the external 
shutter during construction of the curtain wall.

A Sika Combiflex bandage was installed at the 
nib of the curtain wall to prevent leaks when the 
plinth moves during the daily use of the tank.

4.2 X-anchors

Three external stressing cables were installed to 
withstand pressure of fresh concrete during the 
casting of the curtain wall. The cables were further 
required to resist the loading of the filled tank dur-
ing daily use.

The three external cables were anchored using 
Freyssinet X anchors. A diagram of an X-anchor 
is provided in Figure 9.

The external cables were guided with clips as 
indicated in Figure 9. Sliding plates were provided 

Figure 5. Crack of panel due to sliding restraint during 
stressing.

Figure 6. Defects of precast wall panels.

Figure 7. Isometric section of the retrofitting of a cur-
tain wall.

Figure 8. Freyssinet 1 × 15 Anchor known as an X-An-
chor (as adapted from the Freyssinet Catalogue).
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to prevent the plastic sheath from damage during 
installation.

A section of the repaired tank is provided in Fig-
ure 10. The external stressing cables were installed 
and the curtain wall was cast before the tarpaulin 
roof was added. The roof covered the tank to pro-
tect the molasses from the elements.

A water test was conducted in accordance with 
BS8007 to ensure that the tank was watertight 
before it was approved for molasses storage. The 
entire retrofitting operation was completed in two 
months. A photo of the repaired tank in use is pro-
vided in Figure 11.

5 CONCLUSION

A number of defects were present in the tank. The 
defects included, grout strength, backward bend-
ing, missing cables, roughened sliding surface for 
precast panels and defects in the precast panels.

The tank was repaired by retrofitting external 
stressing cables to withstand the pressure of the 
molasses during the daily use. A curtain wall was 
used as a composite membrane to prevent leaks and 
to act as a structural support. The external cables 
were anchored with X-Anchors supplied by Freys-
sinet. A Sika combiflex bandage provided a leak 
proof movement joint on the inside of the tank. 
Retrofitting and repair of the tank was completed 
in two months. A water test indicated that the tank 
was watertight and ready for molasses storage.
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ABSTRACT: This paper deals with the repair, strengthening, improvement and widening of the Nels 
River Bridge situated in the Mpumalanga province of South Africa. The paper outlines the design com-
plexities and discusses the solutions and the construction techniques followed that resulted in a successful 
project.

box girder deck contained a significant number of 
post tensioned cables, longitudinal and transverse 
with very little plain reinforcement. The fourth 
span on the Sabie side, isolated by an expansion 
joint, comprised a plain reinforced concrete solid 
slab type deck.

3 HISTORY OF THE BRIDGE REPAIR 
AND WIDENING PROJECT

The original Nels River Bridge, built in 1969, is 
depicted in the photograph, figure 3.

Over the first 20 years the central mechanical 
hinge deteriorated significantly over time with the 
result that in 1989 it needed to be totally recon-
structed and strengthened.

However, the new hinge, in spite of being sub-
stantially heavier and more robust, also deterio-
rated over the next 22 years and in 2011 the joint 
mechanism was again found to be at the point 
of failure with the bridge vibrating unacceptably 
with high deflections under traffic. Severe con-
crete spalling had occurred in the deck soffit at the 
hinge connection. The deck revealed signs of fail-
ure with the result that the bridge owner decided 
as a precautionary measure to reduce the roadway 
over the bridge to a single lane with severe speed 
restrictions.

Following a tender process consulting engineers 
were appointed to provide the detailed assess-
ments with recommendations for repair and wid-
ening of the bridge. They were also contracted to 
provide the detailed designs and drawings, facili-
tate the construction tenders and to monitor the 
construction.

1 INTRODUCTION

The Nels River Bridge is located on Road R37 
between Sabie and Nelspruit in South Africa (GPS 
co-ordinates 25˚ 17’ 26.32”S 30˚ 46’ 1. 74”E). This 
bridge was unique in that it comprised two arched 
balanced cantilevers connected with a mechanical 
hinge in the centre. The hinge mechanism was on 
the verge of failure for a second time prompting 
the bridge owner and client to implement a major 
rehabilitation of the bridge.

This bridge is critical for access across the river 
and complete failure would force detours of about 
30 km.

In the final solution adopted the mechanical 
hinge connection was fully eliminated and the deck 
made continuous. When the bridge was repaired it 
was also widened from 9.1 m to 12.4 m between 
parapets.

This paper presents details of the repair, 
strengthening, improvement and widening of the 
bridge. The design challenges, the solutions imple-
mented and the construction techniques followed 
are discussed.

2 BRIEF DESCRIPTION OF THE 
ORIGINAL BRIDGE

The original bridge essentially comprised two bal-
anced cantilever structures connected by a hinge in 
the centre as depicted in figure 1. The hinge mecha-
nism allowed rotation and longitudinal movement 
but restrained differential vertical translation.

The 4 span bridge, comprised an arched concrete 
box girder type deck, as depicted in figure 2. The 
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4 THE MECHANICAL HINGE

The central hinge connection comprised struc-
tural steel plates with slotted holes and steel pins 
of 90 mm diameter. As previously mentioned it 
allowed for rotations and longitudinal movements 
but provided a restraint to vertical differential 
translations. Refer also to figure 4.

The capacity of the bridge deck would be 
severely compromised should the restraint to verti-
cal differential translations fail. This is depicted in 
figure 5.

An additional problem was that the existing 
bridge had deflected downwards at the hinge 
joint over the years probably due to creep. This 
formed a significant vertical kink in the road 
at the joint enhancing the dynamic load effects 
from heavy vehicles passing over the bridge at 
speed.

5 CLIENT REQUIREMENTS

The client’s requirements for the bridge rehabilita-
tion were the following:-

• Eliminate the mechanical hinge connection by 
making the deck continuous.

• Widen the bridge from 9.1 m to 12.4 m.
• Correct the road vertical alignment over the 

bridge.

The design methodology needed to consider 
that at least one traffic lane had to be kept open 
over the bridge during construction. Total road 
closures, if  absolutely necessary were allowed for 
short periods only and the frequency of these were 
to be kept to an absolute minimum.

6 SOLUTIONS INVESTIGATED

Several solutions were investigated to comply with 
the client’s brief:-

Option 1, widening on one side only, as depicted 
in figure 6. This option had the negative effect of 
having to re-align a significant part of the approach 
roads as well as requiring false-work in the river.

Option 2, widening on both sides, as depicted 
in figure 7. This option provided aesthetically the 
best solution and with the new slab over the old 
deck the re-alignment of the road could readily be 
implemented.

Option 3, replacement of the old bridge with a 
new bridge, as depicted in figure 8. An economic 
version of this option was one incorporating pre-
cast beams. However, this option required a new 

Figure 2. Cross section of the original deck

Figure 3. Side view of the original Nels River Bridge.

Figure 4. Schematic of the mechanical hinge.

Figure 5. Vertical movements at hinge connection.

Figure 1. Section of the original Nels River Bridge.
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pier in the middle of the river which would have 
been problematic from an environmental point 
of view. Option 3 also turned out to be the most 
expensive option.

From the three options, option 2 was adopted 
as it was cost effective and retained the form of 
the bridge from both an aesthetic and historic 
perspective.

7 ENVIRONMENTAL ISSUES

An environmental impact assessment is a statutory 
requirement when construction work is to take 
place within or near a river or waterway. The pos-
sible effects of the proposed construction on the 
river must be assessed.

The rehabilitation of  the deck design required 
temporary supports during construction to enable 
the deck to carry the necessary construction load-
ings as well as to keep the vibrations of  the deck 
to an acceptable level. A single, centrally placed 
concrete column on a spread footing, constructed 
in the river would have provided the best solu-
tion. This proposal was submitted to the envi-
ronmental authorities but was rejected because it 
required the temporary deviation of  the river for 
the purpose of  constructing the temporary sup-
port foundations.

A revised design comprising two 14 m high 
temporary concrete support columns (see fig-
ure 9) constructed on the sides of  the river, 
without river deviation, was then submitted and 
accepted.

8 INITIAL DECK DESIGN

The initial solution required that the cantilevers be 
cut off  along the edge of the existing box girder 
and reconstructed in accordance with the new 
dimensions to allow for 2.5 m wide shoulders and 
3.7 m wide lanes i.e. a width of 12.4 m between 
parapets (see figure 10).

The existing box girder was widened with 
600 mm wide post tensioned beams on either side 
with new cantilevers. This beam and slab configu-
ration would be continuous over the full length of 
the bridge thus eliminating the problem of the cen-
tral hinge.

A slab with varying thickness was constructed 
on top of  the deck in order to increase the sec-
tion stiffness, as well as to correct the road 
alignment.

Figure 6. Option 1 – widening to one side only.

Figure 7. Option 2 – Widening to both sides.

Figure 8. Option 3 – replacement of old bridge with 
new bridge.

Figure 9. Temporary supports introduced on the river 
banks.

Figure 10. First deck widening / strengthening design.
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9 CHANGES DURING CONSTRUCTION

After construction started a core, passing through 
the transverse stressing cables running from canti-
lever tip to cantilever tip, was extracted from the 
bridge deck. It revealed that these cables were not 
bonded as they should have been (see figure 11).

Since the bridge was still under traffic the canti-
levers on the one side could no longer be removed 
as this would affect the structural integrity of the 
cantilever on the other side. This methodology was 
deemed too risky and it was decided to revise the 
design in a way that did not require the removal of 
the cantilever.

After input from the contractor the design 
was changed to enable the existing cantilevers to 
be kept with no increase in construction cost. In 
order to achieve continuity with the top slab and 
side beams, 150 mm diameter cores were drilled 
through the cantilever between the transverse and 
longitudinal cables (see figures 12 and 13).

10 CONSTRUCTION

10.1 Construction period

Construction on the Nels River Bridge commenced 
on the 11th of March 2013 after having received 
the “Record of Decision” from the environmental 
authorities which stated that construction could 
proceed within specific environmental constraints.

The construction period was originally set at 
12 months. However, due to delays the period was 
extended to 14 months.

10.2 Construction methodology

Between the designer and the contractor it was 
decided to construct the deck in specific steps using 
frames attached to and cantilevering over the side 
of the deck. Figure 14 provides a schematic of the 
procedure.

The frame support structures where costly and 
a limited number were manufactured to construct 
only about a third of the bridge length at a time 

on one side. Once the first third was constructed 
the frames would be moved towards to the second 
third etc. During construction there were numer-
ous heavy trucks, carrying timber logs produced in 
the area, passing over the bridge throughout the 
day and night. The possibility of staging from the 
ground was therefore considered undesirable, not 
only due to the height involved and the river below, 
but also because of the differential deflections of 
the old bridge vs. the new concrete supported by 
“fixed” staging. Refer also to figure 15.

10.3 New beams under the cantilever

A proprietary self-levelling concrete product was 
used for the side beams under the cantilevers. This 

Figure 11. Transverse cable in Nels deck on left. Exam-
ple of suitably bonded cable on right.

Figure 12. Cores introduced in deck cantilever

Figure 13. Revised design—cores linking new beam 
and slab.

Figure 14. Deck construction methodology.
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highly flowable concrete was introduced through 
the core holes and well compacted concrete with 
strengths in excess of 60 MPa were achieved.

Care had to be taken that the shutter system 
was suitably sealed to prevent the flowable con-
crete mix from leaching out through small gaps 
and openings.

Two high capacity post tensioned stressing cables 
were provided within the beam located beneath the 
cantilever. These were stressed once the required 
concrete strengths had been achieved.

During the first placement of concrete in the 
beams, traffic was allowed over the bridge. This 
caused vibrations resulting in gaps forming in the 
shutter system and significant amounts of concrete 
leaching out. It was decided that traffic would need 
to be restricted during the critical concreting and 
curing stages. Heavy vehicles were allowed to cross 
one at a time at walking speed during concreting. 
This solved the problem but caused some traffic 
delay periods during curing.

10.4 Central Hinge

The central hinge needed to be made continuous 
and required special attention.

A special access frame was manufactured as 
depicted on the photograph in figure 16.

Continuity was achieved by dowelling steel bars 
into the bottom of the hinge area, by providing 
reinforcement continuity in the new slab over the 
top and the provision of the post-tensioned cables 
running continuous within the new beams across 
the central joint.

10.5 Change in bridge continuity

Removing the central joint of the bridge in 
effect made the bridge continuous for a greater 
length than originally designed for. The deck was 

supported on the piers by means of high strength 
concrete hinges. The piers were thus subjected to 
additional forces as a result of the expansion and 
contraction of the deck due to temperature varia-
tions. These forces were checked and found to be 
within design norms.

It was expected that some horizontal cracks 
could form near the bottom of the piers. However, 
this did not occur either during construction or 
thereafter. It transpired that the old central hinge 
or expansion joint was always butting or open by a 
few millimetres only. As a result the deck continu-
ity did not result in significant additional forces in 
the piers.

At one stage it was considered to modify one 
of the piers to incorporate a hinge at the bottom 
just above the foundation. However, this solution 
was omitted once the behaviour of the bridge as a 
whole was observed.

11 CHALLENGES

11.1 As built drawings

The old “as-built” drawings were fortunately avail-
able. They were still in the old imperial system and 
not very legible. Significant time was needed to 
study the important information they provided i.e. 
most dimensions, stressing forces, reinforcement 
etc.

11.2 Beam reinforcement

The construction of the new beam underneath the 
existing deck cantilever caused a special problem 
with the reinforcement. The confined space under 
the cantilever called for special reinforcement 
detailed to the varying beam dimensions. However, 
the soffit of the existing cantilever was uneven and 
the reinforcement, planned in accordance with the 

Figure 15. View of bridge showing one set of tempo-
rary supports and the support frames hanging from the 
deck.

Figure 16. Deck construction frames and platforms.
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old “as-built” drawings, did not fit as had been 
hoped. A significant number of bars needed to be 
modified on site or moved to other positions. This 
cost the contractor quite a significant amount of 
extra time.

11.3 Additional failure of the central hinge during 
construction

During construction and whilst there was a lot 
of activity on the bridge, another portion of con-
crete at the central hinge spalled when a heavy 
truck passed over the bridge weakening the hinge 
considerably.

This resulted in a marked increase in vibrations 
of the deck under heavy vehicles making work-
ers feel extremely uncomfortable. The contractor 
decided to move his workers from the deck as he 
felt that there were unsafe working conditions.

In order to stabilize the deck an emergency stabi-
lizing upstand beam was introduced on top of the 
deck, straddling the joint, allowing the contractor 
to proceed with his work.

11.4 Concrete placement

Placing the beam concrete was also a challenge. 
The beam concrete had to be poured through the 
150 mm diameter core holes and as discussed in 
paragraph 10.3, was done using a self-levelling con-
crete product. This was poured into sealed timber 
formwork with varying panel sizes, purpose made 
to follow the arched shape of the deck. These pan-
els needed to be well fitted and “water tight” which 
proved to be a challenge to the contractor.

12 CONCLUSIONS

This project was challenging and through the coop-
eration between the client, consulting engineer and 
contractor a successful widening of the bridge and 
elimination of the problem hinge joint resulted.

The maintenance of stability during the various 
stages of construction, whilst at the same time car-
rying heavy vehicle traffic, was obviously a most 
important requirement of the project and was car-
ried out with success.

Figures 17 to 19 provide photographs of the 
completed bridge.

13 DESIGN AND CONSTRUCTION TEAM

Client/Bridge Owner: SANRAL (SOC) Ltd
Consulting Engineer: ARQ (Pty) Ltd
Contractor: Stefanutti Stocks (Pty) Ltd
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Figure 17. Soffit of deck showing new beam and wid-
ened pier head.

Figure 18. Elevation of bridge with new Parapets.

Figure 19. Roadway over the rehabilitated bridge.
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Evaluation of repair mortar materials for old monuments 
in southern India
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ABSTRACT: Mortar samples from three historical monuments in the southern Indian state of Tamil 
Nadu were evaluated using X-ray diffraction, Scanning electron microscopy, and Fourier transform infra-
red spectroscopy for their mineralogical and morphological characteristics. The results show that the lime 
used is of a non-hydraulic type. Additionally, several studies were performed on lab based mortars to 
access the parameters of compatibility to check the suitability of different renders. From the testing of 
lab based samples, it was observed that, for studying the compatibility of repair mortar, parameters like 
modulus of elasticity and capillarity coefficient play a significant role as they help to judge the rigidity 
and porosity of the mortar. While cement mortar proves to be very rigid for old masonry substrate, plain 
lime mortar is very porous. For all properties studied, the lime mortar mix with organic additives gave 
optimum results.

makes the system more heterogeneous compared 
to the rather standard hydraulic binders used in 
Europe. Jute fibres, jaggery, gallnut powder, pulses 
and cereals, milk products, palm candy, aloe vera, 
animal hair, oils and fats, egg whites etc. are some 
of the commonly used traditional additives [4–6]. 
Traditional manufacturing and mixing techniques 
are also found to vary widely, creating wide rang-
ing effects on the performance of the material. 
Bindiganavile and Suresh [5] characterized histori-
cal mortar samples from the late 18th C. in Sriran-
gapatna, a town near Mysore in southern India 
and concluded that they were lime-mortar samples 
with significant MgO content. Their results con-
firm the use of natural fibres, most likely derived 
from animal sources in one of the sites investigated. 
Unfortunately there is not much information in 
literature about the ancient technology of mortar 
preparation. Traditional masons employed differ-
ent additives to reach the desired properties based 
on the knowledge passed on by generations or by 
intuition and such knowledge and experience are 
extinct today. In the present study, historic mortars 
from three different structures are characterized 
to give a technical insight into the formulation of 
repair mortar.

While designing a repair mortar, it is essential to 
weigh different physical factors according to their 
importance. For the same, several compatibility 
studies have been carried out in this field to assess 
some parameters of compatibility to check the 
suitability of different renders. It is widely accepted 
that the lime binders have greater permeability 

1 INTRODUCTION

There are several masonry structures of histori-
cal significance in India that require conservation. 
Lime binders were commonly used for the con-
struction of masonry buildings before the large 
scale introduction of Ordinary Portland Cement. 
When modern binders are used for the repair of 
these structures, a lot of compatibility issues arise 
between the repair mortar and the substrate. The 
characterization of mortar used in original con-
struction is vital for formulating a new repair mor-
tar which is compatible with the existing structure. 
Groot et al. [1] state that the most effective way to 
characterise a mortar is to use a combination of 
techniques. Middendorf [2] has formulated a flow-
chart for the characterization of historic mortars 
in agreement with most of the researchers. X-ray 
diffraction, Scanning electron microscopy with 
Energy dispersive X-ray analysis, Petrographic 
analysis (Thin Section), Thermo gravimetric 
analysis and Mercury intrusion porosimetry are 
the commonly used techniques to understand the 
microstructural information of historic mortars. 
The characteristics of lime mortar are influenced 
by the binder type, i.e. whether hydraulic or non-
hydraulic, the aggregate type and other additives 
that are added to improve the performance and 
durability of the mortar [3–6]. Traditionally, aggre-
gates were sourced locally, using whatever materi-
als were available. In India, builders have used a 
wide variety of organic materials in lime mortar 
for enabling several desired properties, which 
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than OPC, enabling them to reduce moisture 
entrapment by their inherent ‘breatheability’. 
According to Penas [3], the compressive and flexu-
ral strength of mortar containing air lime as binder 
is less than mortar containing hydraulic lime. The 
dynamic modulus of elasticity is low and therefore 
the render will not transmit high stresses on the 
substrate but at the same time it is high enough to 
assure sufficient durability. Higher value of modu-
lus of elasticity indicates higher rigidity and there-
fore the incapability of the mortar to accommodate 
masonry movements without degradation. The 
mortars have high capillarity coefficient suggest-
ing fast absorption of water but at the same time 
they have high value of water vapour permeability, 
indicating that the mortar will dry fast. Thiruma-
lini et al. [4] studied the effect of adding the juice 
of natural materials like gallnut and jaggery to the 
mortar and suggested that treating lime mortar 
with 5% of herbal juices provides greater flexural, 
tensile and compressive strengths by 1.6, 3, and 2–5 
times respectively. For the lab based investigation 
in the present study, gallnut and jaggery are used as 
organic additives as these are reported to have been 
used widely in southern India.

2 MATERIALS AND METHODS

2.1 Characterisation of historic samples

The historic mortar samples were collected from 
the following temple sites, (i) Veetrirundha Peru-
mal temple at Veppathur village near Thanjavur in 
Tamil Nadu which is 2000 years old (ii) Sri Kolavilli 
Ramar Temple in Thiruvelliyankudi village, near 
Kumbakonam in Tamil Nadu, where the temple 
complex is said to be 2000 years old and (iii) Bri-
hadisvara Temple at Gangaikondacholapuram in 
Tamil Nadu, which is one of the great living Chola 
temples and a UNESCO World heritage site, built 
1000 years ago. Representative samples were col-
lected and stored in air tight containers. Samples 
were air dried and powdered to a size less than 
75 μm for X-ray diffraction analysis (XRD). For 
Fourier Transform Infrared Spectroscopy (FT-IR), 
samples were prepared by grinding a known mass 
of solid with dried KBr. The resulting powder was 
then pressed at 2000 psi for 5 min to produce a pel-
let for analysis. The wave number ranges analysed 
were from 400 cm−1 to 4000 cm−1. Broken chunks 
were used for Scanning Electron Microscopy 
(SEM) and Energy Dispersive X-ray Analysis.

2.2 Study on simulated mortars

For the lab based investigation, a pure lime mortar, 
cement mortar and a lime mortar mix with organic 

additives was prepared. The lime used for the mor-
tar preparation was procured from Pollachi, Tamil 
Nadu, which confirmed to class C lime upon test-
ing. The cement used is Ultratech OPC (Ordinary 
Portland Cement) grade 55. Raw jaggery and 
gallnut powder were added as organic additives. 
The sand used is standard sand conforming to IS 
650–1991. Modulus of Elasticity, Water Sorptivity, 
Compressive and Flexural strengths were tested at 
14, 28 and 56 days as per the relevant standards 
The cement/lime to sand ratio was 1:3 and the mor-
tar was mixed with the specified quantity of water/
jaggery and gallnut juice i.e., 0.5 and 0.7 water to 
cement/lime ratio for cement mortar and lime mor-
tar respectively. The cubes were demoulded after 
1 day of casting for cement mortar and cured in 
lime solution until the required age of testing. The 
lime mortar cubes were demoulded after 3 days 
of keeping them in air. Later they were air cured 
at 25°C and 65% RH until the required age of 
testing.

3 RESULTS AND DISCUSSION

3.1 X-ray diffraction

Figure 1 shows the x-ray diffractogram of historic 
samples compared among each other. The pres-
ence of calcite (CaCO3) is clearly evident in all the 
samples and other minor peaks contribute to the 
silicates present in aggregates. The peak at 43 o2θ 
could be of gehlinite (C2 AS), however the other 
peaks of gehlinite could not be observed. There is 
no amorphous hump indicating the absence of any 
calcium silicate hydrate. Also, larnite and portlan-
dite peaks are absent. These observations lead to 
a conclusion that the lime used was non-hydraulic 
in nature.

Figure 1. Diffractogram data of mortars from 3 differ-
ent historic sites.
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3.2 Fourier Transform Infrared Spectroscopy

The FT-IR absorption spectrum of the same sam-
ples is shown in Figure 2. The bands at 712, 875 
(C-O bend), 1440 (C-O stretch), 1790, 2515 and 
2854 cm−1 correspond to calcium carbonate forms. 
Band at 3200–3600 cm−1 are due to O-H stretch 
bond, which could be due to the presence of mois-
ture. The broad peak at 1000–1200 cm−1 can be 
attributed to polysaccharides or sucrose, which 
could possibly indicate the presence of an organic 
additive.

3.3 Scanning electron microscopy

The photomicrographs obtained from SEM 
analysis are presented in Figure 3(a-f). Depend-
ing on whether the lime is non-hydraulic or not, 
the compounds may be calcite or calcium silicates 
and aluminates. The dominant presence of calcite 
crystals can be seen in all the samples (highlighted 
in the images). Other minor elements present are 
Si, Al, Fe, Mg, Na and K. As the XRD analysis 
also suggests the lime to be non-hydraulic, the 
conclusion may be that most of the compound 
is in calcite form and the silica and alumina are 
from the aggregates. Also, the lime could be inher-
ently impure which imparts a feeble amount of 
hydraulicity. The increased porosity of the matrix 
is another observation; dark regions in the image 
indicate pores or voids.

3.4 Study on lab based specimens

The results of lab based specimens are presented 
in Table 1. From the results it can be seen that the 
compressive and flexural strength of cement mortar 
is much higher than the lime mortar mixes. From 

Figure 2. FT-IR spectra of mortars from 3 different 
historic sites.

Figure 3. SEM micrographs showing features of calcite 
deposition, indicating non-hydraulic lime.

the studies of Penas [3] it is stated that the ideal 
range for repointing mortar to be used in conser-
vation works should be between 0.6–3.0 MPa for 
compressive strength and 0.4–0.8 MPa for flexural 
strength. Thus, cement mortar can be found to be 
stronger than the substrate rendering it unfit for 
the purpose. Both the lime mixes have compressive 
strength in the prescribed range and can be consid-
ered suitable for repair of historic masonry. Also, 
as per Rodriques and Grossi [7], the compatibil-
ity risk is the highest in case the strength is more 
than 50% of the strength of the value prescribed 
in literature. In this case, the cement mortar shows 
highest risk in terms of compatibility and both the 
lime mixes satisfy the condition with minimum risk 
of incompatibility.
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The capillarity coefficient of  lime mortar mix 
with additives has values within the prescribed 
range that indicates an optimum amount of 
porosity compatible with the substrate material. 
Similar to the previous case, cement mortar shows 
high risk in terms of  compatibility. In this case, 
the plain lime mix also shows high risks of  com-
patibility as the value is higher than 50% of the 
prescribed value. However the value for the lime 
mix with jaggery falls under lower compatibility 
risk category. The dynamic modulus of  cement 
mortar is very high suggesting that the matrix is 
too rigid. The values for both the lime mixes are 
within the prescribed limit and thus they are fit 
for using as repointing mortar in conservation 
works. The compatibility risk is the highest in case 
the strength is more than 50% of the prescribed 

value. Similar to the previous cases, in this case 
also cement mortar shows the highest risk in 
terms of  compatibility and the plain lime mortar 
and lime mortar with additives show lower risks 
of  incompatibility.

4 CONCLUSIONS

The salient conclusions drawn from the study are 
as follows:

• The historic samples studied are lime mortar 
samples and the lime is found to be non-hydrau-
lic in nature.

• The lab based studies prove that the cement 
mortar is very rigid for old masonry substrate, 
and plain lime mortar is very porous.

Figure 3. Continued.
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• Cement mortar is stronger than the two mixes 
of lime mortar tested. However, it was observed 
that for studying the compatibility of mortar 
with the substrate, strength parameter does not 
play an important role. For compatibility stud-
ies, parameters like modulus of elasticity and 
capillarity coefficient play a more important role 
as they help to judge the rigidity and porosity of 
the mortar.

• The lime mortar mix with jaggery and gallnut 
powder gave optimum results and lower risk of 

incompatibility, which indicates that the organic 
additives used traditionally helped in optimising 
strength, flexibility and porosity of the matrix.
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Table 1. Results of lab based investigations on mortar.

CS
*

FS
**

CC
***

DM
****

SM
*****

Plain Lime Mortar
14 0.90 0.90 8.10 6.90 4.10
28 1.10 1.30 8.50 5.80 3.50
56 1.30 1.80 8.20 7.40 4.50

Lime Mortar with Additives
14 1.20 0.40 1.40 9.20 5.50
28 1.45 1.20 1.85 20.70 6.40
56 1.65 2.50 1.30 12.20 7.30

Cement Mortar
14 31.0 8.50 0.50 42.0 25.0
28 39.5 9.50 0.60 44.0 26.50
56 49.0 10.80 0.45 48.0 29.00

*CS – Compressive Strength (MPa)
**FS – Flexural Strength (MPa)
***CC – Capillarity Coefficient (kg/m2.√hr)
****DM – Dynamic Modulus of Elasticity (GPa)
*****SM – Static Modulus of Elasticity (GPa)
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Selection procedures for concrete repair—patch repair and cathodic 
protection in atmospheric zones
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ABSTRACT: There are many systems for patch repair and for Cathodic Protection (CP) of concrete 
structures and the specifier is often unclear what systems should be used under which circumstances. This 
paper provides methodologies for selecting the appropriate systems. The first selection is whether cathodic 
protection will be used as part of the repair approach. Key factors are the extent of current and future 
corrosion, the significance of having to breakout contaminated concrete, design life of the repair, required 
reliability, access for maintenance and funds available. Where patch repairs are to be undertaken a deci-
sion has to be taken on structural aspects of the repair, control of incipient anodes and how to ensure 
the repair will meet the design life requirements. For situations where CP is attractive a system to select 
the system that best meets the client needs has been developed in line with two key themes: cost and suit-
ability. Cost considers initial and maintenance cost. Suitability includes reliability, installation speed, cus-
tomer friendliness, flexibility and aesthetics. A weighting system is given to each component. The paper 
describes the CP selection method and outlines how it was applied for the evaluation of one project. The 
paper includes an outline of the benefits of different anodes.

Current codes dealing with cathodic protection 
of concrete above ground provide little guidance 
on how to select anode systems. ISO 12696 Appen-
dix C (International Standards 2011) and AS 
2832.5 Appendix D (Standards Australia 2002) 
give a little information on anode types and Con-
crete Society TR 73 Appendix A and B (Concrete 
Society 2011) provides significantly more infor-
mation but none compare systems or provide a 
means of selecting the most appropriate anode. 
Similarly, text books on corrosion of steel in con-
crete (Broomfield 2007; Chess & Broomfield 2014) 
outline some advantages of different anode sys-
tems but do not provide a systematic approach to 
selecting the most appropriate anode for a project. 
A summary of the different anodes systems based 
on these references and the authors experience is 
given in Appendix 1.

In many cases this means CP contractors offer 
the cheapest solution available to them, which may 
not be the cheapest solution available or the solu-
tion that best meets the client’s needs. In this paper 
an approach is outlined that systematically identi-
fies what will best suit the client’s overall needs. The 
system is relatively simple and can be easily man-
aged by a non-CP expert. The system can incor-
porate any anode system in a non-prejudicial way 
so that the client will be sure of getting the best 
system for his project if  the system is followed.

1 INTRODUCTION

Although Cathodic Protection (CP) systems for 
above ground structures have been used for over 
30 years in Australia many designers and contrac-
tors involved in small to medium sized concrete 
repair projects consider it a complex and expensive 
method and give it no consideration for projects 
they manage. Owners of these project are even 
less informed and rely entirely on the designer or 
contractor who they consider the expert. Hence 
on many projects no consideration is given to the 
life cycle cost savings, better structural outcome or 
improved performance and repair reliability that 
cathodic protection can provide. The paper pro-
vides some insight into these benefits and explains 
how parties not experienced in cathodic protection 
might consider its application.

The term cathodic protection is sometimes mis-
used and applied to any system where an anode is 
installed to polarise the reinforcement, regardless 
of the extent of that polarisation. Cathodic protec-
tion is defined in ISO 12696 (International Stand-
ards 2011) and specific requirements are listed for 
achievement of cathodic protection. Other terms 
such as cathodic prevention and corrosion control 
are sometimes used to describe anode systems that 
provide low levels of polarisation. The meaning of 
these terms are discussed.

ICCRRR15_Fullpaper_Book.indb   637ICCRRR15_Fullpaper_Book.indb   637 8/27/2015   9:16:56 AM8/27/2015   9:16:56 AM



638

2 SELECTING THE REPAIR APPROACH

When reinforcement corrodes and causes concrete 
to crack, spall or delaminate, the repair designer has 
to determine the approach to adopt for inspection 
and repair. Typically the first step is to determine if  
the issue will only ever be localised or if  it is a much 
wider future problem. This can be determined 
using visual inspection, drummy testing, electrical 
potential measurement and cover testing.

Commonly chloride ingress, carbonation and 
cover are relatively uniform and hence initial dis-
tress will be followed by widespread distress. On 
a bridge deck in Western Australia delaminations 
increased from 20% to 80% in the two years between 
first inspections and letting a repair contract. Con-
versely on a LPG tank in Western Australia a few 
lower cover bars caused distress but cover distribu-
tion assessment identified the probability of wider 
future corrosion was low. Hence, testing is always 
required to identify the extent of repair required.

One of the most common techniques for assess-
ing the extent of corroding reinforcement is to test 
the reinforcement’s electrical potential. Although 
taking measurements is simple interpretation of the 
results requires great care. Various misinterpreta-
tions have been identified on Australian projects:

a. Highly negative potentials interpreted as being due 
to corrosion. Concrete had been cast in perma-
nent PVC forms before exposure for testing. No 
causes of corrosion were apparent so this, and the 
formwork type, should have led to the conclusion 
that low potentials were due to oxygen starvation.

b. Potentials in the range +50 to −150 mv CuSO4 
interpreted as indicating corrosion due to high 
potential differentials. The results were for pas-
sive steel in uncontaminated concrete.

c. Potentials in the range −300 to −350 mv CuSO4 
interpreted as indicating no corrosion as the 
potential differences were low. The potentials 
were active corrosion in carbonated concrete.

d. Potentials of −150 mv CuSO4 on a new water 
tank interpreted as the tank requiring CP 
because potentials were approaching −200 mv 
which would indicate a heightened corrosion 
risk. Potentials were in the passive range.

In each case those taking the potentials took the 
measurements correctly but did not consider the 
exposures effect on anodic and cathodic polariza-
tion curves when assessing the results.

Once testing has been undertaken the first step 
in the repair decision process can be made. Repairs 
to only evidently distressed concrete is only likely 
to be an acceptable approach if:

− Corrosion initiation is localised (e.g. low cover 
areas),

− There is a wider problem but the owner accepts 
additional repairs will become necessary in a rel-
atively short time frame. This may occur if  the 
immediate maintenance budget is limited.

− The structure has a short design life requirement, 
hence short-term holding repairs are adequate.

Where a long term repair is required and chlo-
ride ingress or carbonation is widespread then the 
decision becomes whether to use cathodic protec-
tion to eliminate the break out of sound but chlo-
ride contaminated/carbonated concrete or to break 
out around actively corroding reinforcement to 
remove sound but chloride contaminated/carbon-
ated concrete (Figure 1).

Breakout of sound concrete can be a noisy proc-
ess disturbing tenants and lead to expensive struc-
tural support requirements. If  impressed current 
(ICCP) or sacrificial anode (SACP) cathodic pro-
tection are used, only loose concrete needs to be 
removed. ICCP gives a 50+ year design life but has 
high cost for design and maintenance while SACP 
has a 15–20 year life and low design and mainte-
nance requirements.

3 TYPES OF REPAIR SYSTEMS

3.1 Patch repair

Typically patch repairs require breakout behind the 
reinforcement to remove chloride contaminated 
concrete. With no testing for the extent of chlo-
ride activated reinforcement beyond the distressed 
area conventional practice is to breakout 150 mm 
beyond the evident area of corrosion. The repair 
would typically include an isolation coating or zinc 
rich coating on the reinforcement.

3.2 Patch repair plus incipient anode protection

Similar to above (3.1) but low powered sacrifi-
cial anodes are incorporated around the edge of 
the patch to prevent corrosion of incipient anode 
areas (refer Section 4). Because the anodes do not 

Figure 1. Typical area of concrete breakout where no 
cathodic protection is employed. Breakout of sound con-
crete behind reinforcement is highly expensive.
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provide cathodic protection breakout and patching 
around the bar is still required with all the associ-
ated issues.

3.3 Patch repair plus local cathodic protection

In this technique higher powered cathodic pro-
tection sacrificial anodes are embedded within 
the repair patches to provide local cathodic pro-
tection. This means that breaking out behind the 
bars is not required. They also provide incipient 
anode protection. The repair is still localized as the 
anodes only protect for a limited area around the 
patch. Protection can be extended by using discrete 
sacrificial anodes with high output.

3.4 Sacrificial anode cathodic protection

There are various sacrificial anodes systems (sur-
face applied, discrete and embedded) that provide 
high enough polarization to give cathodic protec-
tion in accordance with CP code requirements. The 
zinc of such anodes is consumed much faster than 
the lower power output anodes used for cathodic 
prevention. Hence a significantly higher zinc mass 
is required for the same life.

These systems are very simple to install as they 
require little monitoring. On small projects a risk 
analysis can be used to determine whether any 
monitoring is appropriate. Generally it is not as 
the systems are used to minimize cost and moni-
toring provides no great benefit. On larger projects 
it is likely that monitoring of a limited number of 
areas would be appropriate to validate the system 
performance.

3.5 Impressed current cathodic protection

The typical repair approach where there is wide-
spread corrosion activation is to patch the cor-
rosion damaged areas (no breakout of sound 
contaminated concrete required) and apply 
impressed current cathodic protection (ICCP) to 
all actively corroding areas. The systems are expen-
sive to design, install and maintain but because 
they have a long life and proven performance 
they are frequently the repair system of choice for 
major projects.

4 CATHODIC PREVENTION

Over 30 years ago it was identified that when just 
visibly distressed areas were patched the areas 
around the patch failed a short time later. This is 
called the ‘incipient anode’ or ‘halo effect’.

To provide protection to the incipient anodes 
low powered sacrificial anodes were introduced. 

These replaced the once anodic but now passivated 
reinforcement as the polarizing agent and gave a 
degree of protection to the incipient anode. Fig-
ure 2 diagrammatically explains this process. There 
is some debate about the incipient anode process as 
another theory suggests potential incipient anodes, 
i.e. cathodic zones, would generate hydroxyl ions 
and chloride ions would be drawn to the anode. In 
theory this could make the incipient anode areas 
quite passive but in the authors practical experi-
ence the process outlined in Figure 2 generally 
applies.

Cathodic prevention and cathodic protection 
are two very different processes used in different 
circumstances (see Section 3). The processes are 
described in Figure 3. For cathodic prevention a 

Figure 2. The top sketch shows the potential field for 
an anode area surrounded by an area of slightly more 
positive potentials. At this stage the anode cathodically 
protects the surrounding area that would otherwise be 
anodic. The lower sketch shows the same bar after repair 
has passivated the previously anodic area such that the 
surrounding area becomes the new anode.

Figure 3. Sergi’s (Sergi 1999) simplification of Bertollini’s 
(Bertollini 1993) two domains of electrochemical behav-
iour of steel in concrete explaining the significance of rein-
forcement polarisation on corrosion control—cathodic 
prevention and cathodic protection.
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small shift in the potential of uncorroded rein-
forcement (incipient anodes) leads to an increase 
in the chloride activation level (A → B → C). If  
the anodes have sufficient power to polarize the 
reinforcement a little more they will provide a lit-
tle slowing of the corrosion rate, sometime referred 
to as corrosion control, but this is not cathodic 
protection. The same small shift in potential for 
corroded rebar would not fully protect the active 
steel (D → E). A much higher shift (D → F) is 
required to give cathodic protection to corroding 
reinforcement.

5 CATHODIC PROTECTION

Cathodic protection systems supply negatively 
charged electrons to the reinforcement that cause 
a shift in electrical potential to a more negative 
potential. This potential shift can be measured 
using reference cells embedded in the concrete.

ISO 12696 (International Standards 2011) 
provides general information on what inspection 
measures should be employed and lists general 
repair consideration, i.e.:

− designed, tested and installed to meet its intended 
life

− monitoring using reference electrodes to show 
the system complies with standard potential 
shift criteria

− anode current densities not to exceed design 
values

The two main types of cathodic protection sys-
tems are Impressed Current Cathodic Protection 
(ICCP) and Sacrificial Anode Cathodic Protec-
tion (SACP). Major differences between ICCP and 
SACP systems are shown in Table 1.

6 COMMON CP SYSTEMS

SACP, or galvanic anode, systems typically cost 
more for the anodes relative to ICCP systems and 
have a shorter design life of 15–20 years (hence 
may need replacing). However, they have signifi-
cantly lower design, installation and monitoring 
costs compared to ICCP systems.

Typically SACP systems are more cost effective 
for shorter (≤20 yr) design lives or smaller repair 
areas where the cost of design, wiring, control sys-
tem and maintenance make ICCP system uneco-
nomic. ICCP systems are more cost effective for 
longer design lives or larger repair areas.

To give some perspective Roads and Maritime 
Services in NSW state they have many issues with 
bridges in NSW and ideally they would roll out 
ICCP systems. However, due to budgetary con-
straints they are developing SACP systems with a 
15–20 year life as they cannot afford ICCP systems.

There are many different ICCP and SACP sys-
tems available. Types of cathodic protection sys-
tems include:

− Surface applied sacrificial anodes.
− Internal sacrificial anode systems.
− Mixed Metal Oxide (MMO) ribbon mesh
− Net MMO anode systems.
− MMO Sawtooth ribbon anode systems.
− Discrete/tube anodes.
− Lightweight surface mounted MMO anodes.
− Conductive coating ICCP systems.

7 CP SYSTEM COMPARISON

The authors have developed a procedure for system 
comparison to assist the designer in selecting the 
most appropriate system for a particular project.

7.1 Evaluation process

The evaluation process has four steps:

1. Establish owner preferences. The designer 
determines the owners’ values in regards relia-
bility, speed of installation, intrusiveness during 
installation, flexibility and aesthetics.

2. Review CP systems. A five point scale is used 
to assess each of the acceptance criteria and a 
weighting applied that is specific to the project 
(Table 2).

3. Indicative pricing. The systems that best meet 
the client preferences are then priced to give a 
dual assessment (Table 3).

4. Specification. The systems that are both eco-
nomic and meet the client needs are incorpo-
rated into the CP specification so that they can 
be priced by the market.

Table 1. Major differences between ICCP and SACP.

SACP ICCP

Current 
availability

Anode con-
sumption rate 
limited

Virtually limitless.

Reinforcement 
polarisation

Limited (no 
hydrogen 
embrittlement 
risk

Variable depending. 
Should be limited 
to mitigate hydro-
gen embrittlement, 
particular in pre-
stressed concrete. 

Monitoring 
cost

Low. No 
monitoring.

High, hence not as 
suitable for remote 
areas.
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A ranking and weighting approach is applied 
to the acceptance criteria. This is designed to 
determine how well the system meets the build-
ing owner’s requirements for the structure. These 
criteria fall into two broad categories—suitability 
and cost.

7.2 Suitability factors

Suitability factors are assessed first and any anodes 
not meeting the owners preferences are discarded. 
Remaining systems are then assessed based on 
both factors.

Reliability – Systems that have inbuilt resist-
ance to acid generation get a high score. Mesh 
and durAnode4 score reasonably high due to 
their robustness and proven performance. Ribbon 
anode reliability would be improved if  acid proof 
grout were used. Reliability has a high weighting as 
owners will be opposed to systems that are disrup-
tive and costly in the future.

Install Speed – Owners prefer to have work com-
pleted quickly. However this has low weighting 
compared to reliability.

Customer Friendly – Noise and dust are the pri-
mary consideration. This has low weighting com-
pared to reliability.

Flexibility – Flexibility is of principle interest 
in determining the ease to which a system can be 
adapted to a situation. For walls with global appli-
cation this has a low weighting. For soffits where 
systems may need to follow cracks it has a higher 
ranking.

Aesthetics – Weighting depends on the type of 
structure, context and owners preference.

7.3 Cost factors

It can be tempting for owners to focus predomi-
nantly on initial cost particularly when available 
budget is limited, but maintenance cost is also con-
sidered to enable whole of life (life cycle) cost to 
be assessed.

Initial Cost – The cheapness of each system is cal-
culated. Because the ranking is based on broad cost 
bands effects of minor inaccuracies are removed 
and, if  there were no significant difference in cost 
between anode systems, they would all rank the 
same, i.e. the ranking is based on a cost scale rather 
than a relative scale. This is given a high weighting 
as initial cost has higher significance than mainte-
nance costs that are sometime in the future.

Maintenance Cost – This is a broad classification 
of the estimate of maintenance cost. Hence there 
are only minor variations associated with possibil-
ity of needing to replace anodes. If  galvanic anodes 
need replacing at short intervals the maintenance 
cost might be higher. As ICCP systems require six 

monthly inspection none of the systems has a low 
maintenance cost.

The aim of this CP system comparison method 
is not to enable a final CP system decision based 
solely on the weighted Cost and Suitability scores 
but rather to act as an informative guide to assist 
owners/stakeholders in making a decision. Where 
anode systems are shown to be positive or nega-
tive on the cost or acceptance scores the reason 
behind that score should be reviewed to ensure the 
scores give a reasonable impression of the anode 
acceptance.

8 PROJECT CASE STUDY

On a recent project where large areas of reinforced 
concrete structural elements required cathodic pro-
tection to achieve a future service life of 40+ years, 
the authors compared ICCP systems available for 
each type of structural element (slabs, columns, 
walls, beams) using the system described in Sec-
tion 7. SACP systems were excluded from the com-
parison due to the long service life requirement 
and large extent of cathodic protection coverage.

8.1 Weighting factor

To combine the various acceptance criteria a 
weighting system is used to describe the relative 
importance of each item. The weighting is devel-
oped for each project, and possibly each element, 
from the discussions with the owners. The weight-
ing for the case study is given in Table 2.

8.2 ICCP anode systems

There are a multitude of anode systems available 
but the number readily available in Australia is 
limited. Principle systems being marketed were 
compared for the project. All anodes were Mix 
Metal Oxide (MMO) coated titanium. This is the 
standard material used in CP systems but there are 
limited manufacturers that produce high quality 
products. The anodes are described below.

Table 2. Acceptance criteria weighting system.

Item Acceptance criteria Weighting

A Initial Cheapness 10
B Maintenance Cheapness  5
C Reliability  7
D Initial Speed Application  3
E Customer Friendliness  4
F Flexibility  3
G Aesthetics  3
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Sawtooth ribbon – This solid ribbon is bent to 
create ridges and troughs at close centres. It can 
be installed in small saw cut slots. It could have 
been suitable for all locations on the project as it 
is reliable and has low cost per linear meter due to 
material and installation methods. The drawback is 
the number of slots and hence high lineal meterage 
required.

Ribbon mesh – This is a fine mesh to create a high 
surface area. Like saw tooth ribbon it is grouted 
into slots in the concrete. The slot can be a saw 
cut but sometimes the depth would be too great 
and it is cast in a reamed slot. The ribbon is highly 
reliable in atmospheric exposures. Where installed 
in splash or tidal zones grout resistivity variations 
along the anode line can lead to localized current 
dumping. This can lead to acidification locally and 
failure.

Expanded mesh or net – Mesh can be applied 
over the entire concrete surface. The surface area 
is less critical in this case and so the net grillage 
can be more open. This more open nature is 
important as after pining the net to the concrete 
surface it is covered with a mortar to make the 
ionic connection to the concrete substrate. The 
systems are highly reliable except that application 
of  the mortar layer can be difficult in splash and 
tidal zones.

Discrete / Tube anodes – These anode are gener-
ally lengths of  ribbon mesh shaped to go into a 
hole drilled in the concrete. Tubes and star shapes 
provide high surface areas and this minimizes the 
number of  anodes required to achieve a set level 
of  current output. As the anodes are buried in 
the concrete they are very reliable including wet 
areas.

Cassette – Essentially this is a surface mounted 
ribbon mesh. The mesh is enclosed in a totally cor-
rosion resistant tray with concrete contact via a felt 
pad. It has a high speed of installation so can be 
highly cost effective. Being acid resistant it can be 
reliably used in wet areas. Its drawback is that it 
is cannot be made to look attractive and hence is 
generally only used in basements, bridges, tunnels, 
wharves and industrial structures

corroDisc R – This surface mounted precast 
mesh anode in an acid resistant mortar is suited 
to all exposure zones as its output is high, it is sim-
ply installed and is reliable. Aesthetically it is rated 
lower than fully embedded systems but the anodes 
can be applied in a pattern to make the overall 
appearance suitable for most structures.

durAnode4 – This is a small diameter tube anode 
system that is simple to install due to the small 
diameter hole required. It is also a well-developed 
system in terms of control (inbuilt resistor), instal-
lation (grouting system) and reliability (propri-
etary) connection system.

8.3 Analysis for elements to be protected

The results and conclusions from the comparison 
for each element are described below.

Costs are ranked for an element type based on 
broad classifications of cheapness. To give a scor-
ing system where a high number is a positive, low 
cost is considered as highly cheap and would get a 
ranking of 5. Table 3a) shows the ranking system 
as developed for the columns. The cost bands are 
not fixed but are developed to cover the range of 
costs expected for each element type.

The ranking method in Table 3b) is applied to 
cost (cheapness) and suitability factors. A high 
number for both factors is positive.

Columns
The Table 3 ranking system for each acceptance 
criteria was applied for applicable anode type as 
shown in Table 4.

The rankings were than multiplied by the weight-
ings in Table 2. The result is shown in Table 5.

Table 3. Ranking system.

a) Cheapness class b) Ranking method

Limit ($/m) Classification Classification Ranking

<300 Very High Very Low 1
<350 High Low 2
<400 Moderate Moderate 3
<450 Low High 4
>450 Very Low Very High 5

Table 4. Anode ranking for columns.

Anode type

Cost Suitability

Init Maint Rel Spd Frnd Flex Asth

Tube Anode 2 3 2 3 3 4 5
Cassette 4 3 5 5 5 3 3
CorroDisc 5 3 4 4 5 4 4
durAnode4 3 4 4 4 4 5 5

Table 5. Weighted ranking of acceptance criteria 
(columns).

Anode type

Cost Suitability

Init Maint Rel Spd Frnd Flex Asth

Tube Anode 20 15 14 9 12 12 15
Cassette 40 15 35 15 20  9  9
CorroDisc 50 15 28 12 20 12 12
durAnode4 30 20 28 12 16 15 15
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Table 6. Cheapness and suitability comparison 
(columns).

Anode 
Type

Tube 
Anode Cassette

Corro
Disc

Dur-
Anode4

Cheapness 35 55 65 50
Suitability 62 88 84 86

Table 8. Cheapness and suitability comparison 
(Beams).

Mesh Saw Rib Cass Corro dur4

Cheapness 70 50 25 35 65 50
Suitability 63 66 56 88 80 86

The ranking of the anodes based on cost and 
suitability is shown in Table 6.

The weighted comparison of CP systems for use 
on columns suggested that the Corrodisc surface 
mounted system scores highest on lifecycle cost, 
however where the owner preferred an embedded/
internal CP system, the durAnode4 system also 
scored highly overall.

Walls
The approach used for columns was also used for 
walls. However different anode systems were appli-
cable. The analysis is shown in Tables 7 and 8.

The weighted comparison of CP systems for use 
on the walls suggests that the Expanded Mesh with 
sprayed mortar overlay scores highest on lifecycle 
cost, whereas the Cassette and durAnode4 systems 
score were highest in terms of acceptability. The 
CorroDisc CP system was likely to be the most 
suitable system if  both cost and suitability are con-
sidered equally.

Beams
The same system was applied for the beams. The 
analysis is shown in Tables 9 and 10.

The weighted comparison of beam CP systems 
suggests that if  a surface mounted system is aes-
thetically acceptable, the Cassette and CorroDisc 
systems could both be considered whereas if  the 
owner prefers an internal system, the durAn-
ode4 system appears to be more suitable overall 
than the discrete/tube anode system.

Slab Soffits
The analysis for slab soffits is shown in Tables 11 
and 12.

Table 10. Cheapness and suitability comparison 
(Beams).

Anode Type
Tube
Anode Cassette

Corro
Disc

Dur-
Anode4

Cheapness 35 55 65 40
Suitability 62 88 84 86

Table 12. Cheapness and suitability comparison 
(Soffits).

Anode Type Rib Saw Cass Corro dur4

Cheapness 25 70 55 55 40
Suitability 56 66 88 84 86

Table 7. Weighted ranking of acceptance criteria 
(Beams).

Anode 
Type

Cost Suitability

Init Maint Rel Spd Frnd Flex Asth

MMO Mesh 50 20 28 12  8  6  9
Sawtooth Rib 30 20 21  9 12  9 15
Ribbon Mesh 10 15 21  6  8  9 12
Cassette 20 15 35 15 20  9  9
CorroDisc 50 15 28 12 16 12 12
durAnode4 30 20 28 12 16 15 15

Table 9. Weighted ranking of acceptance criteria 
(Beams).

Anode 
Type

Cost Suitability

Init Maint Rel Spd Frnd Flex Asth

Tube Anode 20 15 14  9 12 12 62
Cassette 40 15 35 15 20  9 88
CorroDisc 50 15 28 12 20 12 84
DrAnode4 20 20 28 12 16 15 86

Table 11. Weighted ranking of acceptance criteria 
(Soffits).

Anode 
Type

Cost Suitability

Init Maint Rel Spd Frnd Flex Asth

Ribbon Mesh 10 15 21  6  8  9 12
Sawtooth Rib 50 20 21  9 12  9 15
Cassette 40 15 35 15 20  9  9
CorroDisc 40 15 28 12 20 12 12
durAnode4 20 20 28 12 16 15 15
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For the comparison of  CP systems for use on 
slab soffits, it can be seen that the Sawtooth rib-
bon system scored highest in terms of  lifecycle 
cost, whereas the Cassette system scored high-
est in terms of  suitability, closely followed by the 
other lightweight surface mounted anode system 
analysed (CorroDisc) and the durAnode4 system. 
Therefore depending on the owner’s preference, 
the weighted comparison would indicate that 
either the Sawtooth ribbon or Cassette system 
would be most suitable for application to the slab 
soffits.

CONCLUSIONS

There are a wide variety of CP systems available 
in Australia but use is limited because many repair 
system designers and contractors are unfamil-
iar with the methods. Sacrificial anode cathodic 
protection systems are simple and inexpensive to 
design and install and will be suited to many small 
to medium sized projects where impressed current 
systems may be to complex and expensive.

The wide range of ICCP systems available are 
not being widely used to their best advantage 
because of a range of vested interests and a lack 
of a clear method for assessing which system is 
the most appropriate to a client needs. The paper 
provides a system for undertaking such an assess-
ment in an unbiased way so that clients can clearly 
see that the system selected will fill their require-
ments. Use of such selection procedures is likely to 
increase client understanding of cathodic protec-
tion and, by removing the mystique, make it more 
commonly accepted.

ACKNOWLEDGEMENTS

The authors wish to thank their clients for involve-
ment in their projects.

REFERENCES

Bertollini. L. Bolzoni. F. Cigada. A. Pastore. T. Pedeferri. 
P. 1993 “Cathodic Protection of New and Old 
Reinforced Concrete  Structures”. Corros Sci., 
35 (1993) 1633–1639.

Broomfield, J.P 2007. Corrosion of Steel in Concrete. 
Understanding, Investigation and Repair. Abingdon. 
Taylor and Francis.

Chess P.M. & Broomfield J.P. 2014. Cathodic Protection 
of Steel in Concrete and Masonry. Abingdon, Taylor 
and Francis.

Concrete Society. 2011. Technical Report 73 Cathodic 
Protection of Steel in Concrete. Camberly. Concrete 
Society.

International Standards. 2011 ISO 12696 Cathodic Pro-
tection of Steel in Concrete. Geneva. International 
Standards.

Sergi, G. & Page, C.L. 1999 Sacrificial Anodes for 
Cathodic Protection of Reinforcing Steel Around Patch 
Repairs Applied to Chloride Contaminated Concrete. 
Proc. Eurocorr ’99 European Corrosion Congress, 
Aachen

Standards Australia. 2002 AS 2832.5 Cathodic Protection 
of Metals. Part 5: Steel in Concrete Structures. Sydney. 
Standards Australia International.

ICCRRR15_Fullpaper_Book.indb   644ICCRRR15_Fullpaper_Book.indb   644 8/27/2015   9:16:59 AM8/27/2015   9:16:59 AM

  



645

Appendix 1. Summary Comparison of Different Anode Types.
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ABSTRACT: In the end of April 2005, the new Allianz Arena in the north of Munich was opened as 
the home ground of the two soccer clubs FC Bayern Munich and 1860 Munich. The stadium has seats for 
more than 71,000 visitors. Along with the opening of the stadium, Europe´s largest multi-story car park 
at a soccer stadium was completed. In 2014, concrete repair works were undertaken on approximately 800 
column sockets in the car park in order to prevent further corrosion activity on the reinforcement of the 
concrete columns and the foundations of the columns in the 1st floor. The requirements for the repair 
were both to enhance the lifespan of these columns for another 50 years and to reduce mechanical and 
environmental impact during the repair work. After carefully evaluating several repair options, cathodic 
protection was chosen to be the most economic and most suitable solution /1/.

provided current deeper into the structure. These 
anodes in rod form are mounted into the con-
crete in previously drilled holes. When the anode 
is fixed, the holes are filled with a special grout 
to connect the anode to the concrete. The design 
current density for the ICCP system at all column 
sockets was 15 mA/ m2 steel surface in accordance 
with the specifications.

On column type 4, discrete anodes of different 
length and current output were chosen, depending 
on the geometry of the columns and its reinforce-
ment steel surface and the foundation layout. At 
column type 3, the ICCP system was designed to 
protect both the reinforcement of the column feet 
as well as the steel starter bars of the column in the 
foundation. The cathodic protection at the column 
feet of column type 1, 2 and 3 begins 23 cm beneath 
floor level and reaches up to 50 cm above floor level 
(figure 1). ICCP on column type 4 reaches from 
floor level up to 40 cm above the ground.

On columns types 5 to 7, ribbon mesh anode is 
fixed to the concrete surface by plastic plugs. The 
ribbon mesh anode is wrapped around the column 
socket as a horizontal ring. The socket was pro-
tected from the floor level up to a height of 40 cm 
above the floor, using three anode rings in order to 
provide the intended current density (figure 2).

1 INTRODUCTION

1.1 Situation

During technical inspections in the multi-story car 
park of the Allianz Arena in 2013, the first visual 
signs of corrosion in numerous column sockets 
were detected. Further material testing showed 
raised chloride contents in the concrete in a great 
number of column sockets. Even though cracks 
and spalls due to corrosion were minor, the client 
requested a repair method in order to maintain the 
function and durability of the car park for another 
50 years.

1.2 Concept

Based on the technical inspection, the planning 
engineers came with a concept of cathodic protec-
tion (CP) with the target to protect selected col-
umn sockets in the car park in the long term from 
corrosion damage. Seven column types led to dif-
ferent CP layouts with MMO ribbon mesh anodes 
and MMO discrete anodes. Generally, MMO rib-
bon mesh anodes were installed at the concrete 
surface and provided current mainly to protect 
the reinforcement and the steel elements nearest 
to the concrete surface. The MMO discrete anodes 
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2 INSTALLATION PROCESS

2.1 Continuity of reinforcement

When applying a cathodic protection system, it is 
highly important that all steel members and steel 
elements within the concrete are electrically con-
nected. That way, the entire reinforcement forms 
one unit and can be connected with the negative 
pole of a DC power unit. Due to ICCP, the steel 
will be polarized and no single member or steel ele-
ment will be exposed to stray currents. Continuity 
was considered achieved if  the resistance between 
two points was less than 1 Ohm or less than 1 mV 
potential difference /3/. In the multi-story car park 
of the Allianz Arena, several hundred column 
feet were treated with ICCP. Continuity between 
all columns was measured between each other. In 
cases where there was no continuity, the isolated 
element was welded to the reinforcement cage.

2.2 Sensors, cathode connections and anodes

Prior to the anode installation at the columns, all 
required openings (e.g. for cathode connections 
and reference electrode installation) and slots for 
cables, primary anodes were established according 
to the ICCP layout. Then all slots and openings as 
well as the prepared concrete surfaces were washed 
and cleaned. Then cathode connections and moni-
toring cathode connections were welded to the 
exposed rebars in the openings. Further, 50 refer-
ence electrodes were placed into the concrete next 
to rebar in order to monitor and to control the 
ICCP system in the car park of the Allianz Arena. 
All power and monitoring cables were positioned 
in the prepared slots and fixed with plastic plugs. 
Finally, the function of all components was con-
trolled using multi-meter instruments and LCR 
meter (L = inductance, C = capacitance, R = resist-
ance). When all results were satisfactory, the open-
ings and slots were closed with a CP optimized 
mortar.

Depending on which type of  anode will be 
installed at a column, the preparations on the 
concrete slightly varied prior the anode installa-
tion. When discrete anodes were used, holes were 
drilled into the concrete on exactly predefined 
positions and with an exact drill depth to ensure 
a current distribution as calculated in the design. 
Furthermore, the exact position was located with 
a rebar scanner which was free of  rebars and 
steel elements connected to the reinforcement. 
This way, short circuits generated by rebar con-
tact with the anode rod were avoided. Besides the 
advantage of  a current distribution deep into the 
structure, discrete anodes represent an invisible 
ICCP solution on a structure as the anode rods 
are mounted into the concrete in holes. The pri-
mary anode made of  coated titanium wire runs 
in a slot in the concrete and electrically connects 
all discrete anodes on a column socket with a 
specially developed anode connection. After the 
installation process, both primary anode and dis-
crete anodes are invisible; no extra layer of  con-
crete and no changes in the shape of  the column 
indicate the installation of  ICCP. When using rib-
bon mesh anodes, the concrete surface must be 
cleaned thoroughly prior to anode installation. 
When the anode is fixed to the concrete surface, 
a vertically installed primary titanium strip as 
part of  the anode connection crosses all anodes. 
In the crossing, spot welding electrically connects 
the primary anode and secondary anode. Finally 
a layer of  ICCP approved shotcrete completely 
covers the anode assembly around the column. 
The system is able to catholically protect the 
reinforcement and steel elements in the column 
socket.

Figure 1. ICCP set-up on column type 4 with MMO 
discrete anodes /2/.

Figure 2. ICCP set-up on column type 5, 6 and 7 with 
MMO ribbon mesh anodes /2/.
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2.3 Cabling, power supply and communication

In a cathodic protection system, the entire area to 
be treated is subdivided into protection zones with 
similar conditions. The target is to create zones 
provided by one DC power supply unit each with 
an even current distribution and a balanced level 
of protection as the demand of current will be the 
same in the entire zone.

In the multi-story car park in Allianz Arena 
however, no large surfaces are treated with ICCP. 
Instead of this, a number of several hundred col-
umn feet represent a huge bundle of small protec-
tion elements spread over large distances and three 
floors of the parking. Each column is provided 
separately, equipped with a control box for revision 
and further adjustments. With this set-up, resistors 
can be placed at each control box on each column 
to allow the system providing even current to many 
columns despite them being in the same zone. Due 
to the long distances in this project, voltage drop 
in the power cabling was actively considered. With 
the target to reduce cable length to an acceptable 
extent, three separate cabinets were placed in the 
car park at different locations. In ICCP station 1 
(master cabinet), the controller of the ICCP was 
had a modem and a telephone landline for remote 
communication, next to a number of power sup-
ply units. In ICCP station 2 (slave cabinet 1) and 
ICCP station 3 (slave cabinet 2), power supply and 
reference electrode monitoring units were installed. 
Each station had a separate local electricity sup-
ply. The PSUs in station 2 and 3 were connected to 
station 1 in order to receive the commands of the 
controller. All monitoring data was collected by 
data acquisition modules and transferred via data 
bus to the controller. All data was recorded and 

formed a basis for system monitoring and control. 
When a computer is connected to the controller on 
site by LAN or remotely by telephone line, all data 
can be displayed both in numbers and figures in 
various ways. The system enables the user to adjust 
voltages, data record cycles, alarms, upload of doc-
umentation related to the project and more.

Figure 3. Cathode connection by welding to an exposed 
rebar in an opening at the column socket. After weld-
ing, the connection point was electrically insulated with 
an epoxy resin.

Figure 4. Column socket with discrete anodes (com-
pare Figure 1).

Figure 5. Cabling at the ceiling of the car park; 
cable boxes at each column for revision and system 
modification.
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3 COMMISSIONING AND 
MAINTENANCE

3.1 Commissioning

In January 2015, the ICCP system was energized 
according to chapter 9 of the standard EN 12696. 
By applying a small voltage to all protection zones, 
the polarization effect on the steel reinforcement 
measured by the reference electrodes was observed 
carefully. Aiming for a detailed data record dur-
ing the commissioning, the data refresh rate of the 
system was set high in order to display a detailed 
track record of the polarization the currents and 
the voltage of each of the zones. When it was clear 
the system was behaving well and no unexpected 
effects which could indicate problems, the voltage 
was increased stepwise with the aim to carefully 
polarize the steel to reach full cathodic protection 
according to the protection criteria of EN 12696.

3.2 Maintenance

A certified CP specialist and a certified CP com-
pany have signed a 10 year arrangement for this 
system. This company is both in charge of service 
and maintenance of the system.

In the multistory car park in Allianz Arena, a 
service contract was signed parallel with the com-
missioning of the system to make sure the system 
is maintained from the beginning. The contract 
includes both the procedure of the replacement of 

defective components, an annual visual inspection 
as well as an annual service report. This report 
reflects data and events of the last 12 month and 
records if  changes in the settings or further adjust-
ments of the system will be necessary.

This way, the client receives a regular status 
record of his structure which confirms year by year 
the durability of a high-quality concrete repair.

4 CONCLUSIONS

In the car park of the Allianz Arena in Munich, 
a cathodic protection system has been successfully 
installed at the early stages of corrosion damage 
which was detected only 10 years after opening the 
car park in 2005. The system will provide a signifi-
cant life enhancement to the structure. Different 
anode installations have been made to most effec-
tively protect the various column designs in the car 
park.

A technically complex ICCP solution designed 
by the engineering office Schießl Gehlen Sodeikat 
GmbH in Munich with a tailor-made solution for 
the Allianz Arena car park was executed by special-
ists of the contracting company Ed. Züblin AG. An 
innovative power supply set up has been adopted 
allowing individual control of each of the columns 
while offering an electronic package despite the 
wide geographic spread of the installation.

Finally, a close cooperation between the client 
Allianz Arena München Stadion GmbH, the engi-
neering office and the contractor was the key to 
complete this challenging project successfully, in 
time and with a happy client.
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Figure 6. Polarization effect of the reinforcement after 
commissioning in protection zone 1 with a voltage of 1.5 
V, detected by reference electrode no. 1, 2, 3 and 4 /4/.

ICCRRR15_Fullpaper_Book.indb   650ICCRRR15_Fullpaper_Book.indb   650 8/27/2015   9:17:05 AM8/27/2015   9:17:05 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-92&iName=master.img-005.jpg&w=189&h=135


651

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2

Application of cathodic protection on 30 concrete bridges with pre-stressing 
steel: Remaining service life extended with more than 20 years

A.J. van den Hondel
Vogel Cathodic Protection, Zwijndrecht, The Netherlands

E.L. Klamer
Royal HaskoningDHV, Nijmegen, The Netherlands

J. Gulikers
Rijkswaterstaat, Utrecht, The Netherlands

R.B. Polder
TNO, TU Delft, Delft, The Netherlands

ABSTRACT: In view of long term maintenance of its infrastructure facilities the Dutch Highway 
Administration (Rijkswaterstaat) has repaired over 1.500 heads of prestressed beams and provided them 
with cathodic protection (CP). The heads of these beams showed moderate to severe damage due to rein-
forcement corrosion caused by the penetration of chlorides from leaking joints, which required adequate 
intervention on the short term. By means of cathodic protection the corrosion process has been halted, 
so that the risk of further degradation of the beams and possible failure of the pre-stressing steel tendons 
has been minimized. In addition, the concrete repairs in the chloride contaminated parts of the beams 
will be durable.

beams was high, demonstrated by carbonation 
depths which did not exceed 4 mm, the deep pen-
etration of chlorides combined with a moderate 
concrete cover thickness (with an average of about 
25 mm) had eventually resulted into corrosion of 
the outer mild steel reinforcement. As a conse-
quence, the concrete cover was spalling, particu-
larly in the corners behind the support blocks and 
near the anchors of the pre-stressing steel tendons 
(Fig. 2).

1.2 Structural risks

The beams are prestressed with a DYWIDAG sys-
tem, which consists of 3 to 6 tendons per beam. 
These tendons are anchored with a steel plate and 
a nut. Since there was a risk for the pre-stressing 
system to be corroded, a destructive study was 
performed by SGS Intron to investigate the condi-
tion of the anchors. A part of the concrete behind 
the anchor was removed by hydro-jetting in order 
to have a better impression of the effects of cor-
rosion. The results from this inspection showed 
that the anchors were corroded. However, this was 
mainly superficial corrosion without significant 
material loss (Fig. 3).

1 INTRODUCTION

1.1 Cause

Routine inspections of  various bridges in and 
over a number of  highways revealed that a sig-
nificant number of  bridges showed serious dam-
age at the ends of  the prestressed concrete beams 
supporting the decks. A large number of  these 
beams exhibited cracks and spalling of  the con-
crete cover as well as rust stains at the end of  the 
beam. It was identified that the bridges affected 
by this problem were built between 1965 and 
1976. The decks of  these bridges are supported 
by so-called prefabricated ‘contact-beams’, i.e. 
prestressed concrete T-shaped beams, which were 
also prestressed as a group in transverse direction. 
This structural solution results in a bridge deck 
without necessitating a structural concrete layer 
on top (Fig. 1).

Further investigations showed that the cause of 
this damage was reinforcement corrosion initiated 
by chlorides. Due to leakage through the joints, the 
heads of the beams were exposed to wet conditions 
and during winter months to run-off water con-
taminated by chlorides from de-icing salts. Even 
though the concrete quality of the prefabricated 
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Investigations into the structural consequences 
of the material loss, resulting in a reduction of 
the concrete and reinforcement section, and of 
the (mathematical) failure of one of the tendons 
were conducted by Royal HaskoningDHV. It was 
concluded that the decrease of the reinforcement 
cross-section had not resulted in an unsafe struc-
ture at the time of inspection, but that further cor-
rosion had to be stopped, in particular to maintain 
the concrete cover around the pre-stressing anchors 
and tendons. The computations also showed that 
for the beams with a limited number of tendons (3 
or 4), failure of one of the bars could already lead 
to the collapse of a beam. Taking into account the 
serious structural consequences, the urgent recom-
mendation was given to stop further corrosion at 
short notice and beams with 3 or 4 pre-stressing 
tendons should be the first to be treated.

1.3 The solution

Rijkswaterstaat, in collaboration with TNO, 
Royal HaskoningDHV and SGS Intron, designed 

a conceptual solution in which the leaking joints 
were to be replaced to stop the supply of water, 
contaminated with chlorides in the winter due to 
the use of de-icing salts.

However, it was clear that with this measure 
further corrosion of the reinforcement could not 
be stopped due to the significant levels of chloride 
contamination already present. The removal of all 
the contaminated concrete proved to be not feasi-
ble because of the anchoring forces of the tendons 
in the beams at contaminated and damaged areas.

In order to avoid the complete demolition of 
the bridges, it was decided to start a procurement 
procedure for the replacement of the expansion 
joints, the removal of damaged concrete of the 
selected beams in the affected zone of the first 
meter from the head of the beam, the repair of the 
damaged concrete sections with suitable mortars, 
and to provide these sections with CP of the steel 
reinforcement (mild steel, tendons and anchors). 
Part of the design was that beam heads with corro-
sion damage would be protected and also adjacent 
beam heads would be provided with CP.

While the long-term processes of maintenance 
and monitoring of the CP systems had to be 
secured, the innovative solution of introducing 20 
years of maintenance and monitoring explicitly in 
the contract was established. As a result, the mild 
steel and the pre-stressing steel will be effectively 
protected against corrosion for at least 20 years.

Experiences obtained by Rijkswaterstaat with 
the application of CP on concrete structures 
during the past 20 years, had learned that the 

Figure 2. Concrete damage and corrosion of mild steel 
reinforcement.

Figure 3. Surface corrosion of an anchor of a pre-
stressing tendon.

Figure 1. Typical bridge in the project with ‘contact-
beams’.
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involvement of the local governmental authority 
after completion of a rehabilitation project can 
decrease rapidly. As a result, the functioning of the 
CP system was not checked. In the past, this has 
led to systems that were prematurely disabled or 
disconnected or did not seem to work over time. 
Such situations occurred despite the fact that the 
regulations (e.g. NEN-EN-ISO 12696) require a 
minimal demand for a semi-annual electrical test 
and an annual visual inspection.

Eventually, Rijkswaterstaat decided to prescribe 
an impressed current CP system (ICCP) in the 
tender documents in order to obtain sufficient cer-
tainty about the degree of protection.

2 CATHODIC PROTECTION

2.1 CP

Cathodic protection is a technique to inhibit cor-
rosion of steel to a negligible rate by lowering the 
potential of the metal to be protected. Cathodic 
protection is divided into galvanic systems (GCP) 
and systems with impressed current (ICCP).

2.2 GCP

In galvanic systems, a sacrificial anode (e.g., zinc 
or aluminum) is provided, which has a lower rest 
potential than possible corroding reinforcing steel. 
The direct coupling of the metallic reinforcement 
with the less noble anode material results in a gal-
vanic cell in which the anode material goes into 
solution. In this reaction, electrons are released at 
the anode which are transported to the reinforce-
ment steel where the iron anodic reaction is inhib-
ited while the cathodic reaction is stimulated.

The advantage of such a system is that it is 
relatively cheap compared to a CP system with 
impressed current because there is no requirement 
for a power source and wiring.

The disadvantage of a galvanic CP system is 
that in advance it is difficult to accurately predict 
the extent to which the reinforcement, pre-stress-
ing tendons and anchors will be protected. It is 
not (easily) possible to control, or to modify, the 
system after application in order to obtain more 
or less protection. In addition the anode material 
is literally consumed as the anodes are sacrificial, 
making the life span limited.

2.3 ICCP

In a CP system with impressed current the rein-
forcement steel is protected against corrosion using 
an external power source. Through coupling of the 
mild steel reinforcement, the pre-stressing tendons 

and anchors with an external adjustable direct cur-
rent power supply to an inert anode, a protective 
current is forced to flow to the steel reinforcement 
(mild steel, tendons and anchors).

The advantage of such a system is that the level 
of protection can be controlled by adjusting the 
voltage or current output.

However, a potential risk of an impressed cur-
rent system is that it can result in very negative 
potentials at the steel surface, in particular the pre-
stressing steel. In such a situation so-called ‘over-
protection’ occurs as in the cathodic reaction (very 
small) hydrogen atoms are formed. These atoms 
can penetrate the pre-stressing steel and eventually 
combine to form (much larger) hydrogen molecules. 
This results in (additional) mechanical stresses in 
the crystal structure of the pre-stressing steel.

In combination with the already present high 
mechanical stress levels in the pre-stressing steel, 
this may lead to brittle failure of pre-stressing 
steel.

Typically, systems based on impressed current 
are more expensive than galvanic CP systems. 
However, impressed current systems are more sus-
tainable and have better options for control and 
monitoring.

2.4 Monitoring

In order to measure the level of protection of the 
mild steel reinforcement and the pre-stressing ten-
dons, including the anchors, pseudo-reference elec-
trodes (so-called decay probes) were installed in 
every beam to measure the changes in steel poten-
tial. In accordance with NEN-EN-ISO 12696 
the reinforcement steel is sufficiently protected 
if  the depolarization of the steel (the shift of the 
steel potential to more positive values) in the first 
24 hours after the (temporary) switch-off  of the 
CP system, is at least 100 mV. Here, with the aid 
of measuring cells (type activated titanium, Ti*), 
the depolarization is measured with respect to the 
so-called “instant-off” potential, i.e. the potential 
at the steel surface immediately after the switching-
off  of the applied voltage (Fig. 4).

In order to prevent hydrogen embrittlement 
of  pre-stressing steel every beam is additionally 
equipped with special measuring cells (type Ag/
AgCl) which are placed at the reinforcement or 
tendons closest to the concrete surface with the 
applied anode. These (‘true reference’) cells are 
stable over time and can be used to measure the 
absolute potential over a long period of  time. In 
order to prevent hydrogen embrittlement, NEN-
EN-ISO 12696 prescribes that the steel poten-
tial must always be less negative than -900 mV 
(with respect to an Ag/AgCl/0.5 M KCl reference 
electrode).
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The challenge for the CP engineer is to find a 
voltage at which sufficient protective current is sup-
plied to all the steel in the chloride contaminated 
concrete section in the head of the beam in order 
to obtain a minimum of 100 mV depolarization in 
this area, but without the absolute potential at the 
pre-stressing steel surface to become more negative 
than -900 mV. At this point the limitation for the 
absolute potential at the pre-stressing steel surface is 
leading. In almost every beam equipped with a CP 
system (98.7%) it was demonstrated at the start-up 
of the systems that both criteria could be met. At 
the remaining 1,3% of the beam heads initially 
depolarization was (a little) less than 100 mV, as 
otherwise the absolute potential would be too nega-
tive at the pre-stressing steel. After some time (1 to 
6 months) the current demand of the systems had 
declined and the voltage was adapted to a level that 
these beam heads could meet both criteria as well.

3 EXECUTION PHASE

3.1 Scope and preparations

The contract was ultimately awarded to the consor-
tium Mourik/Salverda. After replacing the expan-
sion joints by Salverda, Mourik subsidiary and 
CP specialist company Vogel Cathodic Protection 
started their operation including concrete repair 
and application of CP at the heads of the selected 
beams (starting with a first selection of almost 
1.200 beams but in the end resulting in more than 
1.500 CP installations on beam heads).

The first step was to remove all loose concrete 
parts. In some beams it was found that the con-
crete was affected to such an extent that at the bot-
tom only a pyramid-shaped pressure area directly 
above the support remained (Fig. 5).

If  a large decrease (>10%) of the concrete con-
tact surface area was revealed during restoration of 

the damage, an assessment of the structural safety 
was made by Royal HaskoningDHV, after which 
the beam head was eventually restored in compli-
ance with a prescribed procedure.

3.2 Repair and installation of CP

After removal of all delaminated and spalled 
concrete parts, the reference electrodes (RE’s) 
for monitoring were accurately placed by drilling 
holes close to either the reinforcement or close to 
the tendons: 2 (sometimes 3) reference electrodes 
were placed in every beam (Fig. 6).

In every beam also 2 metallic connections to the 
steel were made in every beam by welding in order 
to provide a cathodic connection and a second con-
nection for measuring purposes. Cable slots were 
milled in the concrete surface of the beam in order 
to make the system more durable, less visible and 
less vulnerable. All cables outside the surface of 
the beams were concealed in stainless steel pipes.

Next the concrete was repaired with a repair 
mortar suitable for the application of CP, which 
generally means without polymers and with an 
electrical resistivity after hardening comparable 
with that of the surrounding concrete.

Especially the restricted work space, the deep 
position of the beam heads at abutments, and the 
fact that at some locations the execution had to take 
place at night, complicated the repair work (Fig. 7).

After curing of the repair mortar a conduc-
tive coating (the CAST3+ system, a 2-component 
aluminum-silicate polymer filled with carbon) was 
applied as a (secondary) anode to the concrete sur-
face of the beam head (Fig. 8). In this coating a 
primary current carrying anode (a CuNbPt-wire) 
was incorporated.

This type of anode was chosen because of the 
long-time experience with the material in similar 
conditions, the durability of the conductive coat-
ing in relation to the requested lifetime of 20 years, 

Figure 4. Example of a depolarization measurement 
(after 1 year of operation).

Figure 5. Severely damaged beam head after removing 
delaminated concrete.
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good practical experience, and the advantages of 
a conductive coating with regard to the applica-
tion in the restricted work space between the beam 
heads. Taking into account this tight working space 
it was chosen to apply the coating by spraying it on 
the concrete surface in 2 layers.

The reference electrodes and the connections for 
both anode (1) and cathode (2) were installed and 
connected per 2 or 3 beam heads to a decentralized 
power supply and monitoring unit (Fig. 9).

This unit was connected with a data cable and 
power cable to the central measuring and control unit 
(Fig. 10). The decentralized units collect and store 
the measurement results for the connected beams 
and these results can be approached, read, collected 
and programmed remotely through the modem in 
the central control unit. Furthermore, the voltage 
applied on the CP system can, depending on the 
results of the measurements, be adjusted remotely 
as well, per every decentralized unit (through the 
modem in the central unit). The data and power 
cables are concealed in stainless steel pipes.

The power of the CP system is, at most loca-
tions, provided by a double battery, which is fed by 
solar panels (Fig. 11). At four locations an excep-
tion was made due to the local conditions (shade, 
buildings, afforestation, pipelines). Here the CP 
systems are connected to the main electric grid.

Figure 6. Accurately placing the RE’s for measuring 
sufficient protection and avoiding overprotection.

Figure 7. Restricted work space for concrete repair and 
CP installation.

Figure 8. Applying the conductive coating (CAST3+ 
system).

Figure 9. As-built CP system with 4 decentralized 
power supply and monitoring units.

Figure 10. CP system with central measuring and con-
trol unit and solar panels.
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4 EXPERIENCES AND RESULTS

The first CP systems are now running for over 2 
years. The measurements on the CP system illus-
trate that the reinforcement is well protected, as 
is confirmed by depolarization values of the Ti*-
potential decay probes (≥ 100 mV) (Fig. 12).

Also, the pre-stressing tendons, which receives 
less protective current due to its deeper position 
compared to the steel reinforcement, are in gen-
eral sufficiently protected. This is confirmed by 
the depolarization values of the Ag/AgCl (‘true 
reference’) electrodes. The risk for over-protection, 
and therefore hydrogen embrittlement, of the pre-
stressing steel appears to be nil. In none of the 
measurements an absolute steel potential (‘instant-
off’ value) is found that exceeds the criterion of 
−900 mV (the most negative value measured is 
above, i.e. less negative than, −600 mV).

Lastly, the necessary amount of protective cur-
rent is found to be relatively small. After the start 
up of the system, initially a relatively large (protec-
tive) current was measured. After a couple of weeks 
or months the current consumption decreased to 
approximately 10–30% of the initial starting level. 
A further reduction is expected as the steel is pro-
tected by the CP system for a longer period of 
time and the conditions surrounding the steel are 
becoming less corrosive and gradually more steel 
becomes repassivated.

5 CONCLUSIONS

The execution phase of all 30 bridges within the 
project was completed in August 2014. The first 
bridges were completed and commissioned in 
December 2012.

Severe corrosion of pre-stressing tendons and 
anchors could, in time, have had major adverse 
effects on the structural safety of the bridges. With 
the chosen solution of replacing the leaking joints 
to create waterproof expansion joints, in order to 
stop the supply of water and chlorides (de-icing 
salts), and to protect the reinforcement and pre-
stressing steel through cathodic protection, the 
structural safety of the beams is restored and the 
remaining service life of the bridges is extended by 
at least 20 years. With this solution the use of radi-
cal reconstruction measures could be avoided.

As the beams are prestressed, special precaution 
had to be taken in order to avoid the occurrence 
of hydrogen embrittlement of the pre-stressing 
tendons. The CP system applied on the beams has 
to give enough protection to the steel in order to 
prevent corrosion and at the same time overprotec-
tion has to be avoided at all times.

As a result over 3000 reference electrodes were 
installed in the 1500 beams to assure corrosion 
protection and avoid hydrogen embrittlement 
simultaneously. So far with good results.

An aspect of most importance in this considera-
tion is that the owner of the infrastructure (Rijks-
waterstaat) has in advance introduced into the 
contract that the maintenance and monitoring of 
the CP systems will be performed by the contrac-
tor for a period of 20 years.

Because the concrete damage was manifested 
at a large number of prefabricated beams, it was 
possible to apply a “standard” approach to a large 
number of bridges within the project. In principle, 
the applied approach is suitable for application to 
similar structures. In view of possible follow-up 
projects, the operation of the CP systems and the 
results of the monitoring in the coming years will 
be critically evaluated.

Figure 11. Solar panels.

Figure 12. Example of the survey depolarisation values 
per bridge.
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Towards improved cracking resistance in concrete patch repair mortars
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ABSTRACT: The failure of patch repair mortars as a result of restrained shrinkage cracking is responsi-
ble for the reduced service life in both concrete repairs and patch repair materials. Cracking in patch repair 
materials is dependent on important material properties such as tensile relaxation, magnitude of restrained 
shrinkage deformations, elastic modulus, tensile strength, etc. Many researchers have studied the effects 
of various mix design parameters and constituents on each of the aforementioned material properties. 
However, information regarding the effect of simultaneously varying multiple mix design parameters and 
constituents on the cracking performance of patch repair mortars is scanty. This paper reviews the effects 
of various mix design parameters—binder type, binder content, water content, water:binder ratio, chemi-
cal admixtures and curing—on the crack-determining material properties of patch repair materials.

2 BINDER-RELATED PARAMETERS

2.1 Binder content

Cement content affects important crack-determin-
ing material properties such as shrinkage. Increas-
ing the cement content, at a constant water:cement 
ratio, results in a corresponding increase in shrink-
age. However, at a given workability, which approxi-
mately means a constant water content, shrinkage is 
unaffected by an increase in the cement content, or 
may even decrease, because the water:cement ratio 
is reduced and the material is, therefore, more capa-
ble of resisting shrinkage (Neville, 2007). A reduc-
tion in cement content results in a corresponding 
reduction in heat of hydration and shrinkage.

2.2 Binder type

The type of binder and its particle size influence 
important crack-determining material properties 
such as water requirement, tensile strength, ten-
sile relaxation and shrinkage. Thus, the type of 
binder used to make a PRM would influence its 
susceptibility to cracking. The Concrete Society 
(1992) reports that the influence of cement type 
and composition on long-term drying shrinkage is 
minimal. However, they acknowledge that the type 
of cement is important as far as it affects the water 
content of a particular mix. Tazawa and Miyazawa 
(1995) report that alumina cements and high early-
strength cements exhibit early autogenous shrink-
age, which could ultimately lead to large shrinkage 
deformations. Al-Gahtani and Khan (2003), while 
comparing shrinkage in cementitious materials 

1 INTRODUCTION

Concrete patch repair mortars (PRMs) are 
intended to extend the service life of  deteriorat-
ing concrete structures. To achieve this, PRMs 
are expected to possess a wide range of  proper-
ties such as cracking resistance, durability and 
aesthetics, among other performance require-
ments. The aforementioned PRM properties 
depend to a large extent on its mix design param-
eters. The selection of  mix design parameters for 
a particular PRM mix, however, is a complex 
process because the developed PRM needs to 
address constructability, service life issues, an 
understanding of  the owner’s (user’s) concepts 
and engineering and performance requirements 
(ICRI, 1996) within a reasonable and an afford-
able budget.

The performance of  PRMs in service is 
affected by its constituent materials. Thus, the 
selection of  mix design parameters ought to 
be done with care. The selection of  mix design 
parameters also ought to be founded on a proper 
understanding of  the influence of  various mix 
design parameters, and their corresponding 
interactions, on the desired performance require-
ments. The interactions that exist among mix 
design parameters—which are key to durability 
and cracking resistance in PRMs—are complex 
and poorly understood (Mehta and Monteiro, 
2006). The subsequent subsections attempt to 
elucidate the individual influence of  binder-
related parameters, water content, water:binder 
ratio, chemical admixtures and curing on the 
cracking of  PRMs.
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made from blended and Portland cement, report 
that greater early-age drying shrinkage is experi-
enced in specimens made from blended cement than 
those made from Portland cement. The tendency 
of blended cements to undergo early-age cracking, 
however, is highly sensitive to the curing period.

Supplementary cementitious materials (SCMs) 
such as fly ash, silica fume and slag, have also been 
used in PRMs. They have been reported to modify 
the kinetics of hydration, minimise the heat of 
hydration, as well as improve the performance with 
respect to durability, mechanical strength, elastic 
modulus, tensile strength and creep and relaxa-
tion to varying degrees (Khan et al., 2000; Langan 
et al., 2002; Lawrence et al., 2003). Limestone fill-
ers accelerate both chemical shrinkage and hydra-
tion (Bouasker et al., 2008; Nepomuceno et al., 
2013); thus, their incorporation into PRM mixes 
could increase their susceptibility to cracking, oth-
ers factors being constant.

The use of fly ash and slag results in: reduc-
tion in the amount of water required to achieve a 
given consistency, improved workability, reduced 
heat of hydration, reduced tensile strength at early 
ages, reduced rate of strength gain, reduced wet-
ting expansion, reduced thermal volume changes, 
reduced contraction cracking, reduced poros-
ity and improved durability. The reduction in the 
volume of water required to achieve a given con-
sistence further reduces the propensity to dry-
ing shrinkage; which would consequently reduce 
the possibility of cracking as a result of drying 
shrinkage. Similarly, the reduction in the heat of 
hydration is desirable because it reduces the sus-
ceptibility of cracking due to thermally-induced 
stresses. A reduction in tensile strength, however, 
is undesirable. PRMs ought to have a high tensile 
strength in order to resist the tensile stresses that 
are associated with restrained shrinkage.

The volume of fly ash in a mix dictates the mag-
nitude of drying shrinkage that would be experi-
enced in the cement-based material in its hardened 
state. Drying shrinkage is reduced when fly ash is 
used in correct quantities; and is increased when 
excessive amounts are used (Uys, 1983; Ban-
thia and Gupta, 2009). While there lacks a clear 
definition of ‘the correct quantity’ of fly ash that 
could be used in a mix; it is important to know 
that parameters such as the pozzolanic activity of 
the fly ash, the richness of the mix, the character 
and grading of the aggregates, the water:binder 
ratio and the material properties that the fly ash is 
intended to improve inform the optimum propor-
tions of fly ash that can be used to replace cement 
(Uys, 1983; Lam et al., 1998). Banthia and Gupta 
(2009), further report that the increase in cracking 
in mixes that contain fly ash could be attributed 
to their lower initial matrix strength as well as the 

greater amount of water available for evaporation. 
The increased amount of water available for evap-
oration would increase shrinkage; consequently 
increasing the susceptibility of a mortar made 
from fly ash to crack.

Uys (1983) and the Concrete Society (1992) 
have also reported that GGBS and fly ash produce 
materials with a high modulus of elasticity and 
reduced creep at later ages. The high modulus of 
elasticity and reduced creep properties are unde-
sirable in PRMs and tend to offset the benefits of 
reduced water content and shrinkage. The Con-
crete Society (1992) however reports that the mag-
nitude of these negative effects, on an overall scale, 
are clearly insignificant when compared to other 
factors that govern cracking due to long-term dry-
ing shrinkage.

While SCMs such as condensed silica fume 
(CSF) and fly ash (FA) have been clearly under-
stood to contribute to an enhanced durability in 
cementitious materials; there is a lack of a com-
mon understanding of the role of these SCMs on 
other important crack-determining properties like 
tensile strength. There are contradictory reports 
on the contribution of CSF to tensile strength—an 
observation that has also been reported by Tou-
tanji et al (1999).

The densification of the microstructure of a 
cement-based material by adding CSF reduces the 
rate of moisture loss (Neville, 2007; Alexander and 
Beushausen, 2009). The densification of the paste 
is also responsible for the improved modulus of 
elasticity and bonding in cement-based mixes that 
contain CSF. The fact that the densification of 
the paste reduces the rate of moisture loss could, 
therefore, imply that drying shrinkage takes place 
at a slower rate in CSF mixes. However, it has been 
observed that there is no substantial difference 
between the magnitude of the final shrinkage in 
separate but identical specimens made using CSF 
and other binders.

The use of blast furnace slag cements reduces 
the heat of hydration, increases the rate of bleed-
ing (at replacement levels that are greater than 
60%), slows the rate of setting and large shrinkage, 
lowers the early-age tensile strength and reduces 
creep (Concrete Society, 1992; Kanna et al., 1998). 
Other properties that influence crack-determining 
properties of cement-based materials containing 
slag comprise: slag content and fineness. The fine-
ness of blast furnace slag, for example, has been 
reported to influence the magnitude of early age 
shrinkage (Tazawa and Miyazawa, 1995); with 
Tazawa et al (1989) attributing the rate of drying 
of slag to its specific surface and the type of slag. 
At shorter curing times, an increase in specific sur-
face area of slag in concrete results in a decrease in 
drying shrinkage and vice versa.
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3 WATER CONTENT

The water requirement of a mix is the quantity of 
water required to obtain a neat cement paste of 
certain consistency. It is an important crack-deter-
mining parameter in cement-based materials; and 
is dependent on the properties of materials used 
in a mix such as the specific surface area, cement 
type, aggregate morphology, size and packing as 
well as the volumetric proportion of fine material.

For given materials and conditions, the higher 
the water content, the higher the drying shrinkage 
and the greater the tendency for mortar mixes to 
crack. High water contents also reduce the mechan-
ical properties of the hardened material as well as 
increases shrinkage and creep deformations.

4 WATER:BINDER (W/B) RATIO

The hydrated cement paste is the major source of 
shrinkage and relaxation in cement-based materi-
als. It plays an important role as far as shrinkage-
induced cracking is concerned. The water:binder 
ratio is directly related to the pore system of the 
paste. The porosity of the paste, and its asso-
ciated interconnectivity, influences important 
crack-determining material properties like: tensile 
strength and elastic modulus. While the relation-
ship between the water:cement ratio and compres-
sive strength, as described by Abram’s law, is direct 
and well established; its relationship with cracking 
is quite complex and incorporates other factors 
inter alia.

Uys (1983) reports that increasing the 
water:binder ratio increases the potential for 
shrinkage; with the effect being more pronounced 
with a decrease in the aggregate content by vol-
ume. Banthia and Gupta (2009)—while investigat-
ing the effect of water:binder ratio, sand:cement 
ratio and other parameters on cracking in cemen-
titious materials—further report that increasing 
the water:binder ratio decreases the total amount 
of heat evolved, increases the rate of evaporation 
as well as delays the occurrence of first crack. They 
also report that lower water:binder ratios result in 
low crack areas and small crack widths. The move-
ment of water within the porous paste sets up ten-
sile and hygral stresses which are a function of the 
water:binder ratio. These stresses result in volu-
metric changes (e.g. expansion and contraction) 
within the paste.

A reduction in the water:binder ratio, for exam-
ple, would result in pastes that are characterised 
by low creep—because the pastes are strong and 
stiff—and with a high tensile strength. A high ten-
sile strength is desirable in terms of resistance to 
tensile stresses that could culminate into cracking. 

Furthermore, pastes with high water:binder ratios 
contain more free water and are therefore more 
susceptible to drying shrinkage. The susceptibility 
of the paste to shrinkage-induced cracking can, 
thus, be reduced by lowering its water:binder ratio, 
other factors being equal. The extent to which the 
water:binder ratio can be reduced, however, ought 
to be considered carefully via a vis the susceptibil-
ity of a material to experience autogenous shrink-
age that results from mixes with low water binder 
ratios.

5 CHEMICAL ADMIXTURES

The extent to which an admixture will affect 
shrinkage in a cementitious material depends on its 
intended use (Uys, 1983). An admixture may either 
increase or decrease drying shrinkage and creep 
slightly if  it is used to effect a saving in cement by 
reducing the water and cement content while main-
taining workability and minimal strength in a mix. 
Admixtures could also be used to increase strength 
by reducing the water content while maintaining 
the same cement content and workability. This use 
could result in effects that are similar to the first 
category of use; except that the magnitudes would 
be slightly reduced because of small reductions in 
paste content. In the second category of use, there 
is no significant influence on creep as long as the 
increase in strength afforded by the admixture is 
taken into account when testing all the cementi-
tious materials at the nominal stress/strength ratio 
(Uys, 1983).

Despite the fact that the effect of admixtures on 
many material properties are well established, Uys 
(1983) and The Concrete Society (1992) report that 
it is difficult to predict their influence on the creep 
of a given mix. This difficulty is premised on the 
fact that the influence of an admixture on creep is 
highly specific and depends on many factors such 
as: method of proportioning, cement type, admix-
ture composition, age at loading and the environ-
ment before and after loading. Also, the complexity 
in understanding the exact effect of an admixture 
on the properties of a mix is based on the fact 
that the influence of a particular admixture would 
depend on the length of the drying period. Thus, 
that there is no single admixture that can produce 
mixes of optimum quality under all conditions. It 
is imperative, therefore, that the influence of vari-
ous types of admixtures on crack-dependent mate-
rial properties such as shrinkage, elastic modulus, 
tensile strength, etc. be investigated.

The influence of water reducing admixtures 
on crack-determining material properties such 
as shrinkage has not been clearly defined; thus 
rendering it to many contradictory views. On the 
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one hand, it has been reported that plasticisers 
increase shrinkage slightly—by 10% to 20%. How-
ever, the effect of the plasticisers on shrinkage is 
indirect because their use may result in a change 
in the water content or in the cement content of 
the mix, or in both, and it is the combined action 
of these changes that influences shrinkage. Tazawa 
and Miyazawa (1995), on the other hand, report 
that superplasticisers reduce shrinkage; and have 
attributed this phenomenon to the effect of the 
superplasticisers on the rate of hydration.

Shrinkage reducing admixtures (SRAs) are 
organic-based formulations that reduce the surface 
tension of the mix water in the capillary pores of 
a cement-based material. The reduction of the sur-
face tension in the capillary pores reduces the ten-
sion stresses/forces within the matrix of the material 
that would lead to drying shrinkage. SRAs reduce 
both the rate and overall magnitude of shrink-
age. The extent to which SRAs reduce shrinkage 
in cement-based materials, however, depends on 
the internal relative humidity of the material, the 
porosity of the paste, amongst other factors (Sal-
iba et al., 2011). Generally, SRAs do not result in 
significant changes in flexural strength. However, 
they have been reported to increase tensile strength 
at 28 days (Gopinath, 2010). Banthia and Gupta 
(2009), Gopinath (2010) and Carlswärd (2006) 
report that SRAs reduce autogenous shrinkage, 
reduce the potential for mortars to crack as well as 
delay their time to first crack. This phenomenon 
could be attributed to the lowering of the rate of 
tensile stress development within the mortar speci-
mens by SRAs.

Other admixtures that could influence the 
crack-determining properties of PRMs are drying 
shrinkage inhibitors (Tazawa and Miyazawa, 1995) 
and retarding admixtures. Retarding admixtures 
may allow more shrinkage to be accommodated in 
the form of plastic shrinkage as well as increase 
the extensibility of concrete; therefore reducing the 
susceptibility of cementitious materials that are 
made from them to crack (Neville, 2007). Accel-
erating admixtures increase the long-term drying 
shrinkage of cementitious materials (Uys, 1983; 
Concrete Society, 1992).

6 CURING

Curing refers to the process of maintaining a satis-
factory moisture content and a favourable temper-
ature in cement-based materials during the period 
immediately following their placement so that the 
hydration of cement may continue until the desired 
properties are developed to a sufficient degree to 
meet the requirements of service (Perrie, 1994; 
Taylor, 2014). The two main objectives of curing 

are: to prevent excessive loss of moisture and to 
control the temperature for a period sufficient to 
achieve the desired requirements of service.

Curing is essential to the production of high qual-
ity cement-based materials. The benefits that can be 
gained from adequate curing, in light of the thrust 
of this paper, comprise: increased tensile strain 
capacity and volume stability (Concrete Society, 
1992; Perrie, 1994; Taylor, 2014). An increase in the 
tensile strain capacity is a desirable material prop-
erty because it implies that a material can undertake 
a greater amount of tensile strains without failing 
in comparison to materials with a low tensile strain 
capacity. Also, improved volume stability is desir-
able. Materials that are volumetrically stable are less 
susceptible to cracking. The volume stability mini-
mises the possibility of shrinkage-induced stresses 
that could result in cracking. Adequate moist curing 
also delays the advent of shrinkage and increases 
tensile strength (Kronlöf et al., 1995; Neville, 2007; 
Alexander and Beushausen, 2009); with Kovler 
et al (1999) further reporting that the effect of cur-
ing is more pronounced on tensile strength than on 
compressive strength.

Wasserman and Bentur (2013), in a study com-
paring various curing techniques, report that water 
and wet fabric curing are more effective than cur-
ing compounds with respect to strength genera-
tion. They also found out that the use of curing 
compounds—in comparison to moist/water cur-
ing—does not provide a very effective sealing of 
the concrete surface towards the loss of moisture 
to the environment. The lack of an effective seal-
ing results in relatively inferior material properties 
(e.g., lower strengths, higher penetration and car-
bonation values).

There are at least two contradictory views regard-
ing the influence of the duration of curing on crack-
determining material properties. On the one hand, 
Neville (2007) reports that the duration of curing 
is not an important parameter as far as shrinkage 
is concerned. Other researchers, on the other hand, 
report that prolonged water curing, when all other 
factors are held constant, results in greater shrink-
age; with the increase in shrinkage being attrib-
uted to the reduction in volume of the unhydrated 
cement particles—which restrain shrinkage. Appa 
Rao (2001) reports that an increase in the duration 
of curing decreases the ultimate drying shrinkage. 
This observation has been premised on the under-
standing that hydrated cement pastes can restrain 
a large fraction of their shrinkage without crack-
ing because they have sufficient strength; with their 
strength being attributed to the little water that is 
contained within their matrix. The duration of cur-
ing also affects the interfacial bond strength. Wong 
et al (1999), for example, report that the interfa-
cial bond strength of high volume fly ash increase 
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proportionally with an increase in curing age. An 
improved interfacial bond strength is a favourable 
material property. An improved interfacial bond 
helps in enhancing the stress transfer between the 
two interfaces as well as delays the propagation of 
cracks within the interface.

7 CONCLUSIONS

The influence of various mix design parameters 
on cracking in PRMs has been presented. For 
PRMs to be effective with respect to resistance 
to cracking, it is imperative that the relationships 
and synergies that exist within the aforementioned 
mix design parameters are investigated, and the 
information obtained from such investigations is 
harnessed and applied into the design and devel-
opment of PRMs. Also, there are many contradict-
ing views regarding the influence of various mix 
design parameters on crack-determining material 
properties. These contradicting views tend to com-
plicate the process of selecting optimal mix design 
parameters that would guarantee the realisation of 
effective PRMs. A more holistic investigation into 
the combined influence of the aforementioned mix 
design parameters on crack-determining mate-
rial properties in PRMs, therefore, is necessary. A 
holistic investigation will provide valuable infor-
mation that would dictate the process of designing 
PRMs that are effective with respect to resistance 
to cracking.
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Reinforcement corrosion in separation cracks after injection with PUR
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RWTH Aachen University, Aachen, Germany

ABSTRACT: In separation cracks in RC elements (e. g. park decks), a short-term chloride exposure can 
already cause reinforcement corrosion. It is questionable, if  a deep injection of the crack as an exclusive 
procedure is sufficient for effectively stopping the corrosion process.

For investigating the corrosion activity during the chloride exposition and after the crack maintenance, 
cracked beams with crack-crossing reinforcement were fabricated. The cracks have been grout injected 
with PUR after a winter season of six month with a periodic chloride exposure. The anodic (element) cur-
rent was recorded both before and after the injection. More than one year after the injection, the measure-
ment stopped and the crack-crossing rebars were removed from the specimens and visually investigated.

During chloride exposure the measured current flows were very high (sometimes > 200 μA). After the 
injection they slowly decreased and dropped nearly to zero in the next winter period. In the following sum-
mer the current flows increased just marginally, which seems to be mostly uncritical. The visual inspection 
mostly indicates a structurally insignificant degree of damage, because the loss of cross-section is just in 
exceptional cases more than 10%. So the combination of the previous slight damage and the low corro-
sion activity after the injection suggests a sufficient effectivity of the crack treatment. But since higher 
corrosion rates for worst case considerations are not excluded, it is recommended by the authors to install 
a monitoring system.

even just a superficial sealing of a crack is possi-
bly sufficient, for durably stopping the corrosion 
process respectively dropping the corrosion rate to 
a technically tolerable extent.

2 INVESTIGATIONS

The aim of the investigations was to check the 
effectivity of the crack injection with polyurethane 
(PUR) as a repair method, after development of 
a separation crack and subsequent short-termed 
chloride exposure over one winter period, respec-
tively to determine the grade of effectivity. Hence, 
twelve beam specimens with a separation crack in 
the middle and crack-crossing reinforcement were 
fabricated. The corrosion element currents were 
monitored over the chloride charged winter period 
and after the crack repair as well. Thereby the cycle 
of chloride solution exposure as well as the treat-
ment of the upper specimen surface was varied, for 
determining the influences of exposure intensity 
and different moisture transfer conditions. The 
specimens were stored under outside conditions 
without direct rain impact over the entire investi-
gation time, for practically simulating the bound-
ary conditions of a tween deck and for ensuring 
a defined and controllable moisture and chloride 
supply.

1 INTRODUCTION

In RC structures cracks are an usual and mostly 
regular effect of load transfer. In parking struc-
tures depending on the specific crack characteris-
tics cracks can rapidly cause considerable corrosion 
problems due to winterly chloride exposure, which 
require repair works. Thereby separation cracks 
are crucial special cases, in which high corrosion 
rates are expected.

Regarding crack repairs there is no consen-
sus among experts, which repair methods are 
suitable, for ensuring a durable structural safety 
with non-critical degradation rates of  the rein-
forcement. In German practice it is currently dis-
cussed, how to repair a separation crack at new 
constructions after short-termed chloride expo-
sure over one winter period. Partially standard 
solutions like a complete replacement of  chloride 
containing concrete are desired. According to the 
DBV-Merkblatt “Parkhäuser und Tiefgaragen” 
(parking decks and basement garages) (2010) [1] a 
crack injection without any further pre-treatment 
or concrete replacement is sufficient, for reduc-
ing the corrosion rate to a technically tolerable 
extent.

Also economic aspects lead to preventing an 
expensive concrete replacement. So it is economi-
cally important to clarify, if  a crack injection or 
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2.1 Specimens

The cracked beams had a length of 60 cm and a 
cross-sections area of 15 × 15 cm2. The crack was 
built in the middle of the beam and had a target 
crack width of 0.3 mm. Four crack-crossing rein-
forcing bars are placed longitudinally over the 
entire beam and are arranged in a square base con-
sidering the profile. Further longitudinal rebars 
and stirrup reinforcement—electrically encoupled 
from the crack-crossing rebars—were integrated in 
the beam on both sides of the crack, for providing 
a sufficient cathodic area.

For characterizing the corrosion behavior of 
the steel, the individual element currents from 
any crack-crossing anodic rebar to the residual 
cathodically acting reinforcement cage was moni-
tored continuously. The crack-crossing rebars were 
coated with an epoxy resin besides the crack area, 
for avoiding huge magnitudes of self-corrosion 
by preventing the steel surface area from acting 
cathodically. The lateral concrete surfaces of the 
specimens as well as these at the end of the bulk 
were also sealed with an epoxy resin, for avoiding 
moisture transfer with the environment, so the 
boundary conditions of a plain construction ele-
ment were fulfilled.

For the concrete a PC with slag and fly ash 
admixtures was used. As reinforcement ripped steel 
bars with a diameter of 8 mm has been applied. 
The concrete cover was set to 40 mm, for fulfill-
ing all requirements of German and international 
guidelines for XD3-concrete ([2], [3], [4], [5]), which 
is regularly used for decks.

2.2 Investigation schedule

The investigations were separated in three test 
series, each with four specimens. In Series 3 a rigid 
surface protection system was applied on the upper 
surface in young concrete age, which systematically 

got ripped, when opening the crack. The surface 
of Series 1 got coated with the same system after 
the chloride exposure period and the crack repairs. 
The surface of Series 2 stayed untreated during the 
entire investigations (table. 1). The chloride expo-
sure period had a duration of 26 weeks. The speci-
mens in the particular test series were varying in 
their exposure intensity (table. 1).

The exposure cycles and electro-chemical meas-
urements were started exactly 28 d after concret-
ing. A wet-drying-cycle took one week and the 
specimens were exposed to a 3.0% NaCl-solution 
in the crack area on a given day for three times, 
each for one hour in every regular exposure week, 
while the residual upper surface was exposed to tap 
water (fig. 2), for gaining a practical moisture dis-
tribution in the specimen.

Once the exposure period in the winter had 
ended, the specimens were disconnected from the 
measurement setup, for grouting the crack with a 
polyurethane based injection resin by means of a 
hose pump and adhesive packers (fig. 3), until the 
injection material was pressed out over the com-
plete length of the upper crack side (fig. 4). After 
application of the surface protection system for 
Series 1, the measurement of the element currents 
was continued for further 16 months, for observ-
ing the reaction, when a significant increase of the 
temperature occurs in the second summer after 
crack repair.

After termination of the current measurements, 
concrete samples for the chloride analysis in the 
crack area were drawn by cuttings and polish-
ings and the crack-crossing anodic acting rebars 
were removed from the specimens for visual inves-
tigations. After an absolute visual assessment, 
the shortened rebars were visually recorded by a 

Figure 1. Specimen structure and reinforcement 
configuration.

Table 1. Test schedule.

1 2 3

Specimen Surface Protection NaCl – exposure

S.1–1 Coating system 
applied after crack 
injection

weekly
S.1–2 every second week
S.1–3 every fourth week
S.1–4 every eighth week
S.2–1 No coating system 

applied
weekly

S.2–2 every second week
S.2–3 every fourth week
S.2–4 every eighth week
S.3–1 Coating system 

applied before 
cracking

weekly
S.3–2 every second week
S.3–3 every fourth week
S.3–4 every eighth week
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Figure 2. Exposure conditions.

Figure 3. Crack injection by means of a hose pump.

Figure 4. Complete injection of the crack.

3D-Scanner by means of optical triangulation and 
structured light stripe method [6]. In modeling 
processes 3D-reproductions were made for evalu-
ating the corrosion-induced damaged surface and 
the extent of cross-section reduction. For existing 
conditions the quantification of these characteris-
tics is stamped by inaccuracies. The anodic acting 
surface was mostly underestimated and the cross-
section loss was overestimated.

3 RESULTS

3.1 Electrochemical measurements

By means of the development of element currents 
over the investigation time, the development of 
deterioration can be estimated, so that the effectiv-
ity of the crack repair method can be evaluated. 
During the exposure period the highest currents 
have been observed. Thereby a high fluctuation 
is observable due to the different exposure states 
and a temperature effect is noticeable. The element 
currents during exposure nearly reached 200 μA. 
But also there were observable huge fluctuations 
between the single anodes of one specimen, with-
out showing a clear pattern regarding the vari-
ous positions of the rebars. Thus, it is most likely, 
that the variations are due to a random scatter-
ing, probably caused by irregular inner cracking. 
Already during the chloride exposure, an influence 
of the exposure intensity on the element currents 
can be recognized.

After the injection in spring 2013, a significant 
decrease of the element currents was determined 
for all specimens. The decreasing tendency con-
tinues in spite of the temperature increase in the 
summer months. In the following winter period the 
majority of currents drop next to zero (fig. 5). For 
some anodes, currents around 1 μA were meas-
ured. In few exceptional cases, maximal values of 
4–6 μA were observed.

As expected few element currents lightly increased 
again, when the temperature exceeded 20°C for 
longer periods (June 2014). But the average current 
in June 2014 is just marginal higher than in January. 
Thus, it cannot be assumed, that the currents gener-
ally re-increase due to summer temperatures. Most 
rebars, which are still indicating an active corrosion 
process in winter, are showing a recovery of the cor-
rosion currents, but not in a critical extent.
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3.2 Visual inspection of the removed rebars

By the removal of the crack-crossing reinforce-
ment bars it was recognized, that nearly all rebars 
were extensively discoloured brownish—both in the 
uncoated crack area as well as in the epoxy coated 
area besides the crack. Firstly it seemed to be clear, 
that a large part of the uncoated area of 2 cm length 
was affected by corrosion-induced deterioration and 
that additionally subsurface corrosion processes 
occurred in adjacent areas, so that the anodically 
acting area was larger than the uncoated surface. 
Partially small defects in the coating (cracks, peel-
ing) were observed. Thus, either the chloride con-
taining solution could have reached these areas over 
transfer processes or the corrosion products them-
selves have been transported. Due to the mechani-
cal load during cracking and crack opening, inner 
micro cracks could have been built in the coating 
and in the concrete of the crack area, which have 
supported the transport processes. However, this 
could not be checked by the performed investiga-
tions. It is also possible, that the path of crack was 
not straight, so the inner crack could have been 
some centimeters besides the target crack position.

After removal of the adhesive corrosion prod-
ucts by chemical cleaning, it became clear, that just 
a small part of the uncoated area was affected by 
deep pitting corrosion. Thus, the actually anodically 
acting surfaces could not be determined exactly 
and it is questionable, if  the entire colouration is 
actually caused by corrosion products. It is more 
probable, that the coating itself has discoloured by 
chemical reactions. After chemical cleaning, differ-
ent types of colouration were observed on the steel 
surface (fig. 6). This indicates the presence of differ-
ent types of corrosion products, formed by different 
environmental conditions during the test period.

The decisive aspect of the visual investigations 
was the observation, that the degradation grade of 

Figure 5. Element currents after the crack injection 
(series 1).

Figure 6. Various colourations in the crack area.

the rebars cannot be considered as critical in any 
case regarding structural safety. Just in exceptional 
cases the state could be called marginal. There is 
no immoderate loss of material observable and the 
corrosion pits are not such deep, that a decisive loss 
of cross-section occurs. According to visual judge-
ment, the cross-section reduction is at most lightly 
over 10% and mostly clearly lower than 10%.

3.3 Mensuration of the corroded rebars

The attained results of the 3D-mensuration of the 
rebars have to be regarded with caution and cannot 
be classified as fully reliable. A pre-mensuration of 
the rebars before the tests started was not possible, 
the removal of the rebars caused deformations and 
partially additional damages and the surface con-
dition was affected by the coating and by coloura-
tion effects. Thus, there are several possible sources 
of errors existing. table 2 shows the results of the 
analysis exemplary for Series 3:

By means of the size of the corroded surface 
areas, element currents actually should be recal-
culated in corrosion densities, for evaluating and 
classifying the corrosion rates, respectively the 
rates of material loss. Indeed these recalculations 
occurred exemplary for the values of table 2 (as 
well as another example with the assumption of 
an anodically acting surface of 2 cm rebar length), 
but the correctness of these calculations has to be 
treated with care, because the determined values by 
means of the 3D-modelation just concern the area 
affected by clear pitting corrosion and light uni-
form corrosion is not taken into account. However, 
it is suspected, that the area, affected by the anodic 
sub-process, is clearly larger than calculated. This 
is also indicated by the visual inspections. Thus, 
a deeper interpretation of the calculated current 
densities does not make sense.
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Table 2. Results of the 3D-mensuration of the cor-
roded rebars.

Table 3. Chloride contents in the depth of the concrete 
cover.

3.4 Chloride analysis

The chloride contents of the concrete cover depth 
in the crack area are listed in table 3. No decisive 
gradient in the chloride profiles has been obtained 
by the analysis of the cutting samples.

The comparative analysis of the polishing sam-
ples did not lead to large deviations.

4 ASSESSMENT OF THE RESULTS

4.1 Influence of the exposure intensity

By means of the results of the electrochemical 
measurements of element currents a significant 
influence of the exposure intensity on the corro-
sion behavior of the crack-crossing reinforcement 
is ascertainable. With increasing chloride exposure 
time the average and maximal element currents 
increase by trend. This already becomes very clear 

by considering the current developments in series 1 
(fig. 5). series 2 (fig. 7) and series 3 (fig. 8), which 
show the same trend. The latter both furthermore 
show a significant difference between the expo-
sure every two and every four weeks. Both higher 
intensities as well as both lower intensities are here 
nearly on the same level. This possibly indicates 
a marginal, critical chloride load existing, whose 
excess should lead to a more critical considera-
tion of the repair method and the installation of a 
monitoring-system.

Also the visual investigations show a lower deg-
radation grade with lower exposure intensity. Of 
course this is directly coupled with the lower chlo-
ride content in the concrete (table 3).

Figure 7. Element currents after the crack injection 
(series 2).
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4.2 Influence of the treatment of concrete 
surfaces

When comparing the three test series it is notable, 
that for high chloride loads both element currents 
and degradation grades are lowest in Series 1. 
Series 2 and 3 do not show more than marginal 
deviations in this regard (fig. 9). It is furthermore 
noticeable, that there is quasi no deviation between 
the three series regarding a lower chloride load. The 
overall damage seems to be the highest in Series 2, 
although the chloride contents in the concrete are 
obviously lower (table 3).

5 CONCLUSIONS AND OUTLOOK

Considering the corrosion pits and cross-section 
reductions in the crack area, it is noticeable, that 
the overall damage at the steel resulting from the 
exposure period over one winter and the following 
15 months in most cases cannot be classified as 

critical state regarding bearing strength. Regard-
ing additionally the considerable decrease of 
element currents after the crack repair by PUR-
injection, it is obvious, that the main part of  dam-
age occurred during the chloride exposure period 
with an open crack in the winter. This indicates, 
that the deterioration process—exactly the mate-
rial loss rate—decreases to a negligible magni-
tude after crack injection. These findings are at 
least valid for the assumption of  a nearly stable 
or increasing extent of  anodically acting area on 
the steel surface. In other cases the significance of 
the element current in principle is not given any-
more, because for the calculation of  the material 
loss and cross-section loss rate, the decisive value 
is the current density. Due to the huge uncertain-
ties regarding the anodically acting surfaces, the in 
this way calculated current densities do not have 
significance themselves.

The basic findings and most important influ-
encing factors on corrosion activity and effectivity 
of the PUR-crack injection can be reflected in the 
following conclusions:

− By the crack injection the corrosion activity of 
the crack-crossing reinforcement bars signifi-
cantly decreases immediately and furthermore 
with time.

− Considering the development of corrosion 
activities over the entire investigation time, the 
main damage must be allocated to the exposure 
period with an open crack.

− The steel deterioration has to be classified as 
uncritical, nearly without exception.

− Higher chloride exposure intensities cause a 
higher chloride load and furthermore higher 
corrosion rates (element currents).

− There is an influence of surface treatment rec-
ognizable, but it is hard to explain. The lowest 
element currents occur, when the surface pro-
tection system is applied shortly after the crack 
injection.

It is not excluded, that a significant cross-section 
loss occurs after a PUR-crack injection under non-
beneficial conditions. Thus, the repair method for 
cracks should always be combined with the appli-
cation of a monitoring-system, for controlling the 
corrosion currents.

So it has still to be clarified, if  the results are 
transmittable into cases with a practical incom-
plete injection, various injection materials as epoxy 
resin, various boundary conditions as wet or mov-
ing cracks or other repair methods like superficial 
sealing methods. Furthermore the transmissibility 
into aged parking constructions with former bind-
ers and concrete covers is to check.

Figure 9. Comparison of the three test series (high 
chloride load).

Figure 8. Element currents after the crack injection 
(series 3).
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Maintenance of concrete pavements with thin-layered new concrete
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ABSTRACT: In consideration of continuously increasing traffic and high exposure to freeze-thaw and 
deicing salt, maintenance and repair works of concrete pavements become of crucial importance. An 
alternative method to the conventional replacement of the entire concrete structure is the application 
of thin-layered new concrete. For this procedure, only the upper part of the existing pavement, which is 
impaired, is removed and will be replaced by a thin layer of new concrete. The crucial factor here is the 
bonding bahaviour between the lower layer (old concrete) and the thin layer of new concrete. The objec-
tive of this study at the Institute for Building Materials (Ruhr-University Bochum) is to investigate the 
influence of cyclic loading and freeze-thaw-cycles with deicing salts on the bonding properties of such 
concrete layers. Herein, a number of parameters are varied including the moisture condition of the old 
concrete, the application of adhesion primer, consistency of new concrete etc. The results acquired within 
the project so far have shown that the moisture condition of the old concrete does not play a significant 
role. Furthermore, the application of adhesive primer is only useful for concrete with a stiff  consistency 
since the adhesive strength increased only slightly using concrete with a soft consistency.

Ultra-Thin Whitetopping (UTW) is usually equal 
to or less than 100 mm. [2][3][4][13][14][15].

The counterpart to Whitetopping is the so-
called “Blacktopping” consisting of a thin asphalt 
layer (maximum 40 mm thickness) that is applied 
to a concrete base course layer. [1][10][11].

The maintenance of concrete pavements with a 
thin layer of new concrete is a relatively new field 
of work. In this context, the upper part of the 
existing pavement, which is impaired, is removed 
and will be replaced by a thin layer of new con-
crete. The crucial factor here is the bonding behav-
iour between the lower layer (old concrete) and the 
thin layer of new concrete which largely depends 
on the mechanical and rheological properties of 
both concretes as well as the surface conditions 
und roughness of the structural joint.

First pilot projects have been carried out in Aus-
tria on the motorway A14 Rheintal and the A1 
between Salzburg Center and Salzburg West. The 
concrete pavement on the A 14 showed insufficient 
grip on the surface and the concrete pavement on 
the A1 showed chipped edges. The repair of both 
sections has been conducted according to the 
“NÖBI”-method [12]. Thereby, the near-surface 
damaged concrete pavement was milled off  and 
the surface conditions were restored by applying 
a new concrete layer without using an adhesive 
primer. The maintenance was realized in 2009 and 
2010. So far, no damages could be detected.

The objective of this study at the Institute for 
Building Materials (Ruhr-University Bochum) is 

1 INTRODUCTION

Concrete pavements are exposed to a number of 
stresses during their service life, mostly resulting 
from traffic and climate conditions. In considera-
tion of continuously increasing traffic the durabil-
ity requirement of concrete pavements becomes 
more and more significant. At the same time, the 
surface properties concerning texture and noise 
reduction have to be fulfilled.

In this context, maintenance and repair of 
concrete pavements become of  crucial impor-
tance. Thereby, the main aim is to find the most 
economically efficient construction method 
through minimizing life cycle costs without 
affecting the functionality and quality of  con-
crete pavements.

Usually, maintenance of concrete pavements is 
conducted through the renewal of the damaged 
concrete road. An alternative method to the con-
ventional replacement of the entire concrete struc-
ture is the renewal of the upper part of the existing 
pavement, which is impaired. Herein, the milled 
old concrete provides the base course layer.

In case of the so-called “Whitetopping” a thin 
concrete layer, usually a fiber-reinforced, low-
shrinkage high performance concrete is applied 
to an existing asphalt pavement. For conven-
tional Whitetopping concrete, paving thicknesses 
amount to 200 to 260 mm. For Thin-Whitetopping 
(TWT) an overlay of more than 100 mm and less 
than 200 mm is commonly used. The thickness of 
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to investigate the influence of cyclic loading and 
freeze-thaw-cycles with deicing salts on the bond-
ing properties of such concrete layers. Herein, a 
number of parameters are varied including the 
moisture condition of the old concrete, the appli-
cation of adhesion primer, the consistency of the 
new concrete etc.

2 EXPERIMENTAL PROCEDURE

2.1 Parameter variation and experimental matrix

Within the scope of the research project, large con-
crete beams with dimensions of 180 × 50 × 27 cm3, 
consisting of a lower layer (old concrete, thickness 
around 20 cm) and a thin top layer (new concrete, 
thickness approx. 7 cm) were produced.

The variations of the large concrete beams are 
described in the following table (Table 1).

The compressive strength of the old concrete 
generally amounted to approximately 60 N/mm2 
with the exception of VB-7, which amounted to 
80 N/mm2. Furthermore, the moisture condition 
of the bond area (structural joint) was varied by 
producing a dry or moist surface.

The composition of the new concrete was var-
ied by adding shrinkage reducing agents (concrete 
composition M2) to a conventional concrete com-
position with exposed aggregate surface (concrete 
composition M1). In addition, the consistency 
was adjusted to class F4 by appropriate dosage of 
superplasticizer.

In case of the large concrete beams H-1 to H-5, 
polymer modified adhesion primer was used. For 
that matter, all new concretes were produced with 
a stiff  consistency (C1/C2) and using a shrinkage 

reducing agent (SRA) with the exception of H-1, 
which was produced without SRA.

The exposure time of the adhesive primer after 
application was generally about 20 to 30 minutes. 
Only for H-5 the exposure time was set to 2 hours. 
The application of the adhesion primer was con-
ducted at an ambient temperature of approxi-
mately 20°C.

2.2 Composition of concrete

Within the scope of this research, two characteris-
tic concrete mixtures complying the requirements 
of the TL Beton-StB 07 [16] were used. The old 
concrete represented a characteristic base-layer-
concrete with a maximum grain size of 22 mm 
(basalt grit) with a cement content of 360 kg/m3 
and a w/c-ratio of 0.42. For the large concrete 
beam VB-7 a cement content of 380 kg/m3 and a 
w/c-ratio of 0.33 were used.

The mixture proportions of both concretes are 
displayed in Table 2.

The new concrete represented an exposed-aggre-
gate-concrete with a maximum grain size of 8 mm 
(basalt grit) with a cement content of 430 kg/m3 
and a w/c-ratio of 0,42. The consistency class F4 
was adjusted by appropriate dosage of superplas-
ticizer. Both concretes contained air-entraining 
agent in the appropriate dosage.

2.3 Production and storage of the large concrete 
beams

In total, 14 concrete beams consisting of old con-
crete with dimensions of 180 cm × 50 cm × 20 cm 
were produced consecutively. At the minimum age 
of 28 days the surface of the concrete beams was 
roughened using high pressure water jets (2000 
bar).

Around ten months after production of the con-
crete beams the corresponding new concrete layer 

Table 2. Mixture proportions.

old 
concrete

new 
concrete

cement kg/m3 360 430
type of cement [-] CEM I 42.5 N (sd)
w/c-ratio [-] 0.42 0.42
consistency [-] C1/C2 C1/C2, F4
air content [Vol.-%] 4.0–4.5 5.0–5.5
max. grain size [mm] 22 8
Rhine Sand 0/2 mm [Vol.-%] 28 30
Basalt grit 2/8 mm [Vol.-%] 15 70
Basalt grit 8/16 mm [Vol.-%] 27 –
Basalt grit 16/22 mm [Vol.-%] 30 –

Table 1. Overview.
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was applied (Figure 1). Therefore, the structural 
joint was adjusted to a dry or moist condition. The 
bonding surface (structural joint) of beams H-1 
to H-5 was additionally treated using an adhesion 
primer.

2.4 Cyclic loading of large concrete beams and 
freeze thaw exposure

At the age of 56 days (after production) the con-
crete beams were stressed cyclically in 4-point-
flexural-tests (Figure 2) with up to 1.000.000 load 
cycles.

For the cyclic loading a stress level σ/ffl = 0.4 
was set. The load range (σmax − σmin) was defined 
by 1 MPa; corresponding with the flexural stress 
caused by an 11.5-t-axle.

Subsequent to the cyclic loading, drilling cores 
with a cross-section dimension of d = 100 mm and 
d = 150 mm were taken from the unstressed refer-
ence area (“Reference”) and the maximum stressed 
area (“Cyclic loading”) (Figure 3).

Some of the drilling cores taken from the maxi-
mum stressed area (800 mm × 500 mm) were addi-
tionally exposed to freeze/thaw-attack based on 
a modified CDF-test [6] before the investigation 
of the bonding properties. This test included a 

capillary suction period of 7 days followed by 28 
freeze-thaw-cycles according to the temperature 
cycle in Figure 4. These specimens are further 
referred to as “Cyclic loading+ FT-attack”.

2.5 Investigations on structural joint and bonding 
properties of old and new concrete

The compressive strength was determined on 
cubes with a side length of 150 mm according to 
DIN EN 12930-3 [7] at the age of 28 and 56 days 
for old and new concrete. The roughness of the 
structural joints was determined using the so called 
“Sand Volumetric Technique (SVT)” according 
to Kaufmann [8]. In addition, the surface tensile 
strength of the structural joints was determined 
according to DIN EN 1542 [5] before concreting.

The adhesive strength between old and new 
concrete was determined according to DIN EN 
14488-4 [9]. For this purpose, 40 mm thick steel 
stamps were attached to the front sides of the drill-
ing cores. The tests were carried out on a servo-hy-
draulic testing machine (capacity 250 kN), whereas 
the tensile load was transmitted by eyebolts and 
hooks into the steel stamps (Figure 5). The testing 
speed amounted to about 0.8 mm/min.

The adhesive shear strength was determined 
according to the shear test by Leutner [17]. In this 
test set up, shear stress was applied to the bond area 
between the old and the new concrete. Therefore, 

Figure 1. Production of the concrete beams.

Figure 2. Test setup for simultaneous testing of six 
beams in a 4-point-flexural-test.

Figure 3. Test setup for cyclic loading of concrete 
beams (180 × 50 × 27 cm3).

Figure 4. Left: freeze/thaw-attack on drilling core 
(structural joint marked in light blue); right: temperature 
cycle for one freeze-thaw cycle.
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only the old concrete has been fixated in the test 
machine and the stress was applied perpendicular 
to the drilling core, as close as possible to the bond 
area (see Figure 6). The testing speed amounted to 
about 0.6 mm/min.

3 RESULTS

3.1 Surface roughness and surface tensile strength

The roughness of the structural joints was deter-
mined on eight different measurement points using 

finest sand with a volume of 50 cm3. As can be seen 
from Table 3, the surface roughness varied from 
1.4 mm to 2.5 mm. The average surface tensile 
strength was determined by four single values and 
varied between 1.77 N/mm2 and 3.55 N/mm2.

3.2 Compressive strength

The results of the compressive strength tests are 
given in the following Table. According to it, the 
compressive strength of the old concrete varied 
between approx. 55 and 64 N/mm2 (with excep-
tion for VB-7) and 62 and 77 N/mm2 for the new 
concrete.

3.3 Bonding properties

3.3.1 Influence of the moisture condition of the 
structural joint (old concrete)

Figure 7 represents the average adhesive strength as 
well as the adhesive shear strength of the large con-
crete beams VB-1 und VB-2, which were produced 
with new concretes with a consistency class of F4 
and using a shrinkage reducing agent (SRA).

Figure 5. Investigation on the adhesive strength of drill-
ing cores consisting of old (thickness approx. 140 mm) 
and new concrete (thickness approx. 60 mm).

Figure 6. Test setup for shear test according to Leutner 
[17].

Table 3. Surface roughness and surface tensile strength.

Average surface 
roughness in mm

Average surface tensile 
strength in N/mm2

VB-1 2.5 2.88
VB-2 1.8 3.55
VB-3 2.0 1.70
VB-4 1.8 2.23
VB-6 2.3 1.77
VB-7 1.7 3.42
H-1 1.7 3.27
H-2 1.4 2.22
H-3 1.5 2.57
H-5 1.8 2.98

Table 4. Average compressive strength (56 d) in N/mm2.

Average compressive strength in N/mm2

Old concrete New concrete

VB-1 57.6 74.7
VB-2 60.7 77.2
VB-3 61.8 73.5
VB-4 58.2 68.4
VB-6 63.7 67.0
VB-7 85.9 66.9
H-1 58.2 65.1
H-2 68.1 67.7
H-3 60.7 68.0
H-5 54.7 61.6
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In this case, only the moisture condition of the 
structural joint (old concrete) varied between moist 
condition for VB-1 and dry condition for VB-2.

As can be seen from Figure 7 (left), concrete 
beam VB-2 attained up to 19% higher average adhe-
sive strength compared to concrete beam VB-1. A 
difference between the test specimens “Reference” 
and “Cyclic loading” was not observed at this 
point. The testing after an additional freeze/thaw-
attack (“Cyclic loading + FT-attack”) resulted 
in almost identical average adhesive strengths of 
2.22 N/mm2 for VB-1 and 2.28 N/mm2 for VB-2.

Within the adhesive shear test, VB-2 (dry con-
dition) showed up to 11% higher average adhesive 
shear strength in comparison to VB-1 (Figure 7 
right). For the latter specimens “Cyclic loading” 

showed approximately 6% less adhesive shear 
strength than the corresponding “Reference”.

For VB-2 the adhesive shear strength decreased 
only by approximately 2%. The specimens “Cyclic 
loading + FT-attack” attained almost identical 
adhesive shear strengths with 5.58 N/mm2 (VB-1) 
and 5.50 N/mm2 (VB-2). Concluding, a dry con-
dition of the structural joint only showed an 
improvement of the bonding properties of speci-
mens “Reference” and “Cyclic loading”.

The following Figure 8 displays the results of the 
bonding strength tests of concrete beams H-2 und 
H-3, which were produced using an adhesive primer 
before application of the new concrete layer. The 
new concrete was produced in a stiff  consistency 
with the addition of SRA. In accordance to VB-1 

Figure 7. Average adhesive strength (left) and adhesive shear strength (right) of VB-1 and VB-2 (without adhesive 
primer, without SRA, consistency F4); VB-1: moist condition and VB-2: dry condition (structural joint).

Figure 8. Average adhesive strength (left) and adhesive shear strength (right) of H-2 and H-3 (with adhesive primer, 
consistency C1/C2, New Concrete with SRA); H-2: moist condition and H-3: dry condition (structural joint).
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and VB-2, the structural joint of H-2 was adjusted 
to a moist condition and H-3 to a dry condition.

As shown in Figure 8 (left), the specimens 
“Reference” 

revealed almost the same adhesive strength with 
2.02 N/mm2 for H-2 and 2.06 N/mm2 for H-3. The 
specimens “Cyclic loading” and “Cyclic load-
ing + FT-attack” of H-2 (moist condition) achieved 
up to 22% higher average adhesive strengths com-
pared to H-3.

Compared to the corresponding reference speci-
mens, the average adhesive strength of the “Cyclic 
loading + FT-attack” specimens decreased signifi-
cantly by about 27% for H-2 and about 42% for 
H-3. In contrast to the previous fracture patterns, 
the specimens “Cyclic loading + FT-attack” frac-
tured entirely in the new concrete.

Concrete beams, which were produced using an 
adhesive primer, new concrete with a stiff  consist-
ency (C1/C2) and using a shrinkage reducing agent 
(SRA), reached higher adhesive strengths on a 
structural joint with a moist surface condition dur-
ing the application of the top layer.

The results of the adhesive shear strength tests 
for H-2 and H-3 are given in Figure 8 (right). There-
fore, no clear correlation between the average adhe-
sive shear strength and the moist condition of the 
structural joint (old concrete) was determined. For 
example, the reference specimens of H-2 showed 
an up to 5% higher strength (5.72 N/mm2) in com-
parison to H-3 (5.42 N/mm2). With regard to the 
specimens “Cyclic loading“, the adhesive shear 
strength of H-2 decreased to 5.02 N/mm2 whereas 
for H-3 it showed an increase to 5.70 N/mm2 in rela-
tion to the corresponding reference. The specimens 

“Cyclic loading + FT-attack” attained almost iden-
tical adhesive shear strengths with 5.81 N/mm2 
(H-2) and 5.74 N/mm2 (H-3).

3.3.2 Influence of shrinkage reducing agent 
(SRA) in new concrete

Figure 9 shows the bonding strengths of VB-2 and 
VB-6. Herein, the new concrete was applied with a 
consistency class of F4 on a structural joint with a 
dry surface. In contrast to VB-2, the new concrete 
of VB-6 was produced using SRA.

The average adhesive strength of the reference 
specimens of VB-6 amounted to 2.79 N/mm2 and 
was approximately 12% higher compared to VB-2, 
while for the “Cyclic loading”-specimens nearly 
identical adhesive strengths, with 2.41 N/mm2 and 
2.46 N/mm2, were determined (Figure 9, left). It also 
became clear, that the additional freeze/thaw-attack 
of the specimens “Cyclic loading” caused a higher 
decrease of the adhesive strength of VB-6. With 
regard to its reference specimens it was reduced by 
about 26% (to 2.07 N/mm2), while VB-2 showed a 
decrease of roughly 9% (to 2.28 N/mm2).

Within the adhesive shear test it was shown, 
that VB-6 generally attained higher adhesive shear 
strengths compared to VB-2. For the “Reference” 
the shear strength was about 3% higher and for the 
“Cyclic loading” approximately 6% higher than 
VB-2. With regard to “Cyclic loading” the addi-
tional freeze/thaw-attack caused a decrease of the 
average adhesive shear strength of about 8%.

The results indicate that the use of SRA in 
concrete beam VB-6 increased the adhesive shear 
strength, whereas the adhesive strength was not 
significantly affected by the use of SRA.

Figure 9. Average adhesive strength (left) and adhesive shear strength (right) of VB-2 and VB-6 (dry condition of 
structural joint, without adhesive primer, consistency class F4; VB-2: new concrete without SRA and VB-6: new concrete 
with SRA.
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Compared to the large concrete beams VB-2 
and VB-6, beams H-1 and H-2 were produced 
using an adhesive primer as well as a new concrete 
with a stiff  consistency. H-2 furthermore included 
SRA in the new concrete mixture, whereas H-1 did 
not.

The results of the adhesive strength tests for 
H-1 and H-2 depicted, that the “Reference” and 
“Cyclic loading” specimens showed no significant 
difference in adhesive strength (Figure 10, left). 
These specimens consistently showed a fracture in 
the old concrete and the bond area. As displayed 
in Figure 10, the additional freeze/thaw-attack 
caused a contrary behaviour. While H-1 showed 
an increase of adhesive strength of approximately 
27% with respect to the “Reference”, the adhe-
sive strength of H-2 decreased by about 28% (to 
1.47 N/mm2). In contrast to H-1 these specimens 
fractured within the new concrete, which possibly 
suggests an insufficient air void system in the new 
concrete with SRA.

As the results of the adhesive shear test (Fig-
ure 10, right) indicate, concrete beam H-2 (includ-
ing SRA) tested an adhesive shear strength 
approximately 31% higher than the concrete beam 
H-1 (without SRA). In both cases, the additional 
freeze/thaw-attack caused an increase of the 
adhesive shear strength, for H-1 about 4% and 
for H-2 about 16% with respect to the “Cyclic 
loading” - specimens.

3.3.3 Influence of adhesive primer/ exposure time 
of adhesive primer

The following Figure 11 (left) shows the average 
adhesive strength of VB-4 and H-2.

Herein, the structural joint was moistened before 
application of the new concrete. Furthermore, the 
new concrete was produced with a stiff  consist-
ency (C1/C2) and using a shrinkage reducing agent 
(SRA). In contrast to H-2, an adhesive primer was 
applied on the structural joint of VB-4.

The results of the adhesive strength test show that 
VB-4 reached up to 7% higher adhesive strength 
compared to H-2. As previously observed, the test 
specimens “Cyclic loading + FT-attack” fractured 
in the new concrete, whereas the reference speci-
mens and ”Cyclic loading” fractured entirely in the 
old concrete resp. in the bond area. Compared to 
the corresponding “Cyclic loading” specimens, the 
freeze/thaw-attack caused a decrease of the aver-
age adhesive strength of approximately 33%.

The results of the shear test show, that VB-4 
(without adhesive primer) attained about 3% to 
8% higher average adhesive shear strength com-
pared to H-2 (with adhesive primer).

Contrary to the expectations, the adhesive shear 
strength of specimens “Cyclic loading + FT-attack” 
increased by about 5% for VB-4 (5.44 N/mm2) and 
about 16% for H-2 (5.81 N/mm2) with regard to the 
corresponding specimens “Cyclic loading”.

Figure 12 shows the influence of the exposure 
time of adhesive primer on the bonding proper-
ties by means of concrete beams H-2 und H-5. In 
both cases the adhesive primer was applied on the 
structural joint that was moistened. However, the 
exposure time of the adhesive primer amounted to 
30 min. for H-2 and approx. 120 min. for H-5.

As the results indicate, the average adhesive strength 
of the reference specimens with 2.02 N/mm2 and 
1.97 N/mm2 were almost identical. For the specimens 

Figure 10. Average adhesive strength (left) and adhesive shear strength (right) of H-1 and H-2 (moist condition of 
structural joint, without adhesive primer, consistency C1/C2); H-1: new concrete without SRA and H-2: new concrete 
with SRA.
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“Cyclic loading” an average adhesive strength of 
2.21 N/mm2 was determined for H-2. H-5 showed a 
lower adhesive strength (1.75 N/mm2). The additional 
freeze/thaw-attack led to a decrease of the average 
adhesive strength by about 33% (to 1.47 N/mm2) 
respectively by about 29% (to 1.24 N/mm2).

As previously stated, the test specimens “Cyclic 
loading + FT-attack” fractured entirely in the new 
concrete, whereas the specimens “Reference” and 
”Cyclic loading” fractured in the old concrete as 
well as in the bond area.

A possible influence of the exposure time of 
the adhesive primer became apparent within the 
results of the adhesive shear strength tests. In 
comparison to H-2, the extended exposure time 
of approx. 2 hours led to a significant increase of 
the adhesive shear strength for beams H-5 by up to 
32% in comparison to H-2.

The cyclic loading as well as the cyclic load-
ing and the freeze/thaw-attack showed no des-
picable influence on the average adhesive shear 
strength.

Figure 12: Average adhesive strength (left) and adhesive shear strength (right) of H-2 and H-5 (moist condition of 
structural joint, new concrete with SRA, consistency C1/C2; H-2: exposure time approx. 0.5 h and H-5: exposure time 
approx. 2 h.

Figure 11. Average adhesive strength (left) and average adhesive shear strength (right) of VB-4 and H-2 (moist con-
dition of structural joint, new concrete with SRA, consistency C1/C2); VB-4: without adhesive primer and H-2: with 
adhesive primer.
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3.3.4 Influence of the compressive strength of the 
old concrete

Figure 13 shows the results of the bonding proper-
ties of VB-3 und VB-7, which differ from in the 
compressive strength of the old concrete, with 
approx. 85 N/mm2 for VB-7 and approx. 62 N/mm2 
for VB-3. The results of the adhesive strength tests 
show that VB-7 attained up to 35% higher adhesive 
strength compared to VB-3. Furthermore, higher 
decrease of the adhesive strength after cyclic 
loading and after cyclic loading and freeze/thaw-
attack was determined for VB-3. For example, the 
adhesive strength of the specimens “Cyclic load-
ing” decreased by about 11% and “Cyclic load-
ing + FT-attack” by about 40% with respect to the 
reference.

The results of the adhesive shear strength test 
(Figure 13, right) indicate that—contrary to the 
expectations—the average adhesive shear strength 
of VB-3 was up to 6% higher (6.89 N/mm2) than 
of VB-7 (6.50 N/mm2). Based on this, a positive 
influence of the compressive strength of the old 
concrete on the adhesive shear strength was not 
determined.

4 CONCLUSION

In this paper, relevant investigations on bonded 
systems produced with old concrete and a thin-
layered new concrete were conducted.

Herein, a number of parameters were varied 
including the moisture condition of the structural 
joint (old concrete), the application of adhesion 
primer, the consistency of new concrete etc. The 
bonding properties between the concrete layers 

were determined by the adhesive strength as well as 
the adhesive shear strength on drilling cores.

On the basis of these investigations the pre-
treatment of the structural joint and special meas-
ures during the application of the thin-layered new 
concrete for concrete pavement can be defined in 
order to ensure a durable bonding between old and 
new concrete.

The results acquired within the project so far 
have shown, that the moisture condition of  the 
structural joint (old concrete) does not play a 
significant role in the bonding behaviour. Fur-
thermore, the application of  adhesive primer is 
only useful for concrete with a stiff  consistency 
since the adhesive (shear) strength increased only 
slightly using new concrete with a soft consist-
ency. An extended exposure time of  the adhe-
sive primer decreased the bonding properties 
significantly.
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ABSTRACT: Concrete elements continue to feature prominently in many facades. The application of 
these elements in terms of geometry, finish, function and integration with other façade elements is only 
limited by the architectural creativity, the engineers’ ingenuity and the contractors’ resourcefulness.

The disparity in the durability of concrete façade elements is linked to a number of key factors which 
include amongst others, exposure conditions, composition of the protective concrete covers to the rein-
forcement, and the surface geometry and finish. In addition, movements are a common cause of defects 
and are often not adequately anticipated and allowed for in the design and construction. These move-
ments include shrinkage, reversal thermal movements and deflections.

The diagnosis of defects requires tests and an adequate understanding of all relevant factors. The selec-
tion, specification and undertaking of repairs and preventative remedial works, needs to be based on this 
understanding of the defects and their causes, and solutions which meet the required durability. Other 
important commercial considerations to achieve a successful repair project, include repair quantities, and 
minimising access and public protection costs.

This paper examines the key durability and performance factors related to concrete façade elements and 
the most important corresponding repair and protective works considerations. These are based on more 
than 30 years of involvement with concrete facades investigations and repair projects across Australia.

The cost to construct and the speed of erection 
are usually the key considerations.

Whilst many IRE and PCE have stood the test 
of time and have remained prominent elements in 
the performance and appearance of the facades, 
others have not.

The disparity in the durability of concrete 
façade elements is linked to a number of key fac-
tors, which include amongst others, exposure con-
ditions, composition of the protective concrete 
covers to the reinforcement, and the surface geom-
etry and finish. In addition, movements are a com-
mon cause of defects and are often not adequately 
anticipated and allowed for in the design and con-
struction. These include shrinkage, creep, reversal 
thermal movements and deflections.

Where defects or deficiencies have developed, 
it is imperative that these are diagnosed and ana-
lysed to identify the cause or causes. Investigations 
may only require simple observations and tests, or 
advanced NDT tests.

In parallel, it is important to have an under-
standing of the construction, exposure and load 
conditions, movements due to loads, including 
deflections and creep, amongst others.

This understanding of the defects and their 
causes is required to identify, select and specify 

1 INTRODUCTION

Many existing and new facades feature prominent 
concrete elements. The application of these ele-
ments in terms of geometry, finish, function and 
integration with other façade elements is only lim-
ited by the architectural creativity, the engineers’ 
ingenuity and the contractors’ resourcefulness.

The choice between insitu reinforced concrete 
elements (IRE) and precast concrete elements 
(PCE) is based on many factors. In most cases, both 
are acceptable options and structurally possible.

There is no limit to the structural use of PCE in 
the form of load bearing elements, including wall 
panels and columns and spanning elements such as 
beams and lintels.

Their speed of erection and high off-site quality 
is a major benefit. Where the architect requires a 
high quality finish, for example, a polished surface 
which highlights carefully selected aggregates of 
varying size and colour, this can only be achieved 
with PCE.

On the other hand IRE offers many benefits 
and can also be finished to a very high standard. 
This includes a Melbourne building which fea-
tures off-form white, concrete facades with smooth 
expressed ribs and features.
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suitable solutions, to meet the required durability. 
Frequently, the diagnosis is easier than specifying 
the cure!

In addition to technical requirements, com-
mercial and site factors are important in success-
ful repair projects, including repair quantities, and 
minimising noise and disruption and access costs.

2 UNIQUE DURABILITY FACTORS

Concrete façade repairs will be durable when ade-
quately designed for their function and exposure 
condition. The main durability factors, such as 
depths and quality of concrete covers and depths of 
carbonation are well researched and documented.

The most severe façade exposure conditions 
include salt laden air and salty rain. Many facades 
and structural elements exposed to such environ-
ments have a checkered history. Furthermore, the 
very presence of carbon dioxide in the air is a con-
stant threat, particularly in wetter and warm humid 
climates Thus uncoated concrete needs to be dense, 
have adequate covers and well-constructed to sur-
vive undamaged.

However, in addition to the above, there are less 
obvious and unique conditions and factors which 
can influence the durability, some of which are 
described below.

2.1 Surface finish

It appears that in addition to the widely studied 
main depth of carbonation factors, the compo-
sition and texture of the surface are additional 
factors.

It appears that smooth polished exposed aggre-
gate surfaces (photo 1) and surfaces with densely 
spaced exposed quartz aggregates, carbonate at a 
relatively lower rate. This is seen in Table 1, where 
depth of carbonation tests on façade elements to 
five buildings are listed.

The rather low results of less than 6 mm are 
from a 27 year old building where the facades fea-
ture precast and insitu concrete columns. The sur-
faces feature densely spaced exposed aggregate, a 
majority of which is quartz (photo 2).

Equally, low results were obtained at the 23 year 
old Building 5, which is clad with precast concrete 
panels with polished exposed aggregate surfaces.

Table 1 provides a summary of details and 
results.

2.2 Surface geometry

Ledges, rebates in the faces and water ‘drips’ at the 
base of beams, slabs are typically highly vulnerable 
areas.

Water collects and seeps into horizontal sur-
faces such as ledges, creating a wet/dry, semi ‘tidal’ 
condition, which is the danger zone in marine 
structures. Water also adheres to the underside 
of beams and wall openings and is absorbed by 
osmosis.

In parallel with the above, concrete covers may 
be reduced at feature rebates (photo 4) and at 
‘drips’ (photo 3), which potentially decreases the 
durability due to the increased probability of cor-
roding reinforcement.

Photo 1. Photo 2

Photo 3. Photo 4.

Table 1. Depth of carbonation (DOC) examples.

Build

Approx 
Age

RCE PCE

F’c 
Range

DOC 
Range

Years Mpa mm

1 27 √ 50–62 <6
√ 35–45 <2

2 26 √ 14–17
3 24 √ 42–55 0–20

√ 32–35 0–18
4 24 √ 12–21% 1–15

Cement
5 23 √ 35–39 AV;1–11
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2.3 Movements

The term ‘movements’ is used generically in this 
paper, as it covers many forms of movement with 
possible corresponding defects. Amongst others:

− Deflections: cause cracking and end rotations.
− Shrinkage and Creep in the form of vertical and 

horizontal shortening: cause a range of defects 
including face spalling and cracking. This 
includes post-tensioned elements which can 
cause structural but also significant non-struc-
tural damage.

− Thermal: reversal expansion and shortening can 
result in defects similar to shrinkage/creep.

In general, over time buildings shorten, predom-
inantly due to self-weight, beams deflect, and post-
tensioned floors shorten due to creep. The latter 
can continue for many years and well beyond some 
expectations.

Differential thermal loads and/or thermal move-
ments are a particular concern where PCE ele-
ments are, or become, rigidly locked in place and 
connected.

2.4 Other

A. Spalling has occurred at locations of con-
centrated water run-off on otherwise durable 
facades. These include short outlets on the face 
of balcony balustrades, the base of vertical 
architectural grooves and the base of window 
mullions.

B. The orientation of the façade is a significant 
factor as exposure conditions will vary accord-
ingly. Hotter facades dry out faster; predomi-
nant rain directions create more frequent and 
more severe wetting.

C. Facades bombarded by ‘salt laden’ aerosols are 
less durable than those on the opposite leeward 
side of the building.

D. Furthermore, differences have been noted at 
local façade areas such as at corners where neg-
ative local wind pressures create drier, vacuum-
like conditions.

In summary, the diagnosis of defects and con-
ditions needs to take all of the above into consid-
eration. Rarely are defects contributable to a single 
cause.

3 IMPORTANT FACTORS IN SUCCESSFUL 
REPAIRS AND REPAIR PROJECTS

3.1 Technical

High quality repair materials and methods alone 
may not be sufficient to achieve durable repairs.

Whilst it is imperative to fully understand the 
causes of the defects before designing the repair, 
the old adage to ‘design around the problem’ is 
applicable in many cases. In addition to generic 
repairs, specific targeted repairs may be required.

For example, additional movement accommo-
dation capacity may need to be introduced and 
the local geometric configuration may need to be 
altered. Protective treatments are required where 
the development of future defects is likely, and 
where the repairs and existing concrete are not 
likely to resist to the exposure conditions.

Following are some examples:

A. Cracks and spalls may develop where PCE ele-
ments are rigidly connected to the façade struc-
ture. This was the case at a building where the 
facades featured heavy long-span precast con-
crete sunhoods. The cast-in projecting steel con-
nections were welded to rigid steel supports. A 
combination of thermal stresses and deflections 
caused cracking and spalling (photo 5). Durable 
repairs require one end to be freed in addition to 
concrete repairs, as concrete repairs alone can-
not resist the significant local stresses at these 
rigid connections.

  In another case, many precast concrete bal-
ustrades at a large number of public buildings 
developed cracks at connections. Not only 
were these connections fully locked in, the sup-
porting floor was precast. The combination of 
movements and corresponding stresses caused 
cracking, which precipitated reinforcement cor-
rosion and spalling (photo 6).

B. At highly vulnerable recessed drips with very 
low concrete covers, at the underside of con-
crete elements (for example, photo 3), it may be 
better to repair and infill these and add a small 
element to create a positive drip.

C. Not all repair projects are driven by concrete 
defects. Glass etching due to alkaline contami-
nated run-off water is a common problem. 

Photo 5. Photo 6.
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Rainwater may become more alkaline after 
passing over concrete surfaces, particularly 
where these are porous. The resulting glass 
etching, which can only be treated by buffing 
the glass with proprietary compounds, will 
re-appear if  the cause of  the problem is not 
addressed.

  Impregnating silane treatment of the con-
crete surfaces above the windows was a very 
successful and very durable ‘repair’ at one high-
rise building. As this will alter the appearance, 
trials are required.

D. In another case, a significant number of spalls 
developed on surfaces of polished PCE façade 
panels to a highrise CBD building. Close exami-
nation revealed that these were generally not due 
to corroding reinforcement, and the presence of 
small white particles at the apex of the conical 
spalls (photos 7 and 8).

  As a result, in addition to concrete covers, 
carbonation and chloride content tests, petro-
graphic examinations were carried out on thin 
sections. Furthermore, concrete specimens and 
the white aggregates were subjected to scanning 
electron microscopy (SEM) and energy-disper-
sive x-ray (EDX) analysis. This revealed that 
the white aggregates at the centre of the spalls 
are composed of Periclase(MgO) and Brucite 
[Mg(OH)2)], the latter a hydration product of 
Periclase. The hydration process is expansive 
and the likely cause of the spalling.

  Clearly, conventional repairs are not applica-
ble in this case, and as the spalling to date may 
be the ‘tip of the iceberg’, preventative remedial 
works are required.

E. Straightforward repairs to concrete walls can 
become more complicated at windows. Corrod-
ing fasteners to the concrete walls can precipi-
tate cracks and spalling, which in turn causes 
the wall reinforcement to become exposed, cor-
rode and the concrete to spall (photo 9).

  In this case, the repairs need to include 
replacement of fasteners. In addition, repairs at 
windows need to avoid breaching waterproof-
ing flashings, avoid altering the design of the 
water proofing such as, for example, and need 
to maintain pressure equalized cavities, drain-
age paths and weep-holes. Needless to say, that 
during the works, the interiors need to be pro-
tected against water ingress.

F. Delaminated veneers (photo 10) can effec-
tively reduce concrete covers and require large 
areas of render to be removed and concrete to 
be repaired where reinforcement has corroded 
(photo 11). In other areas injection rebonding 
will not only re-attach these veneers, but also 
restore the ‘protective layer of concrete’.

G. The inclusion of galvanic anodes can prevent 
the formation of insipient corrosion and has no 
visual impact. For facades this is the preferred 
approach as the more traditional cathodic pro-
tection requires wiring, a power source and 
monitoring which is often not practical, particu-
larly at PCE, and isolation of metallic elements.

H. Clever formwork (photo 12) can be repetitive, 
produce an acceptable line and finish and allow 
the mortar to cure properly.

Photo 7. Photo 8 Photo 9. Photo 10.

Photo 11. Photo 12.

ICCRRR15_Fullpaper_Book.indb   684ICCRRR15_Fullpaper_Book.indb   684 8/27/2015   9:17:50 AM8/27/2015   9:17:50 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-97&iName=master.img-006.jpg&w=90&h=120
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-97&iName=master.img-007.jpg&w=90&h=69
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-97&iName=master.img-008.jpg&w=90&h=120
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-97&iName=master.img-009.jpg&w=90&h=120
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-97&iName=master.img-010.jpg&w=90&h=120
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-97&iName=master.img-011.jpg&w=90&h=120


685

3.2 Commercial

A. Quantities are the most contentious and chal-
lenging aspects of façade repair projects. The 
optimum approach is to undertake a detailed 
survey of all concrete façade elements. As this is 
often not cost effective, the alternative is to sur-
vey a percentage and extrapolate the findings or 
to adopt a rates based contract. However, the 
latter leaves the owner with an unknown final 
cost.

B. Noise and disruption due to impact equipment 
is another major challenge. For example, in one 
case, jack hammering at Level 4 of a 60 sto-
rey building, was clearly heard in offices at the 
upper levels, as such sounds readily transmit 
through concrete structures. Legal courts, medi-
cal practices, entertainment buildings where 
musicians practice during the day, hotels, hos-
pitals and the list goes on, have a very low noise 
tolerance. Some can neither tolerate daytime 
nor night-time noise. Hydro demolition, dia-
mond drills and other ‘lower’ noise equipment 
will be required in addition to negotiations, 
understanding and goodwill.

C. Communication. Building occupants expect and 
need to be regularly informed about the repair 
works with the aim to minimize disruption, pro-
tect privacy etc.

D. Access. Inevitably, access and access equip-
ment requires consent from apartment owners 
and building tenants. This may prove to be very 
difficult and limiting and needs to be resolved 
before the contract is signed. Some projects 
require access to private balconies (photo 13) 
for emergency access, daily access and even for 
the supporting frames for the swing stages.

E. Public Protection is usually in the form of a 
street level gantry. However, as photo 14 shows, 
footpath gantries only offer limited protection. 
Thus, as a minimum, the works need to be 
undertaken such that these become contained 

local work sites at the repairs and/or the façade 
is contained as a whole by scaffold and mesh.

3.3 Expect the unexpected

Unlike ‘green field’ new construction projects, 
repair projects have a higher probability of the 
unexpected.

This includes latent conditions, material com-
plications and natural events. Following are some 
case examples:

− Live electrical copper conduits were uncovered 
during the removal of concrete at PCE façade 
panels. The corroding reinforcement which 
caused the spalling was not far away!

− Unique weather circumstances resulted in a 
plague of beetles. These repeatedly landed in 
large numbers, on the wet coating to the repaired 
facades (photo 15).

− Heritage concrete facades and façade elements 
are always challenging. At a major public her-
itage building, rubble, plaster and large voids 
were found behind heavily cracked precast con-
crete (photo 16). This required replacement with 
matching precast concrete elements which were 
constructed to meet heritage requirements in 
terms of materials, texture, colour and connec-
tions. Again trials were the key to success.

3.4 Quality Assurance

Quality Assurance starts from day one on-site to 
the completion. This needs to include a range of 
components.

− Trials allow the client to see and approve the 
proposed outcomes, and hold points enable the 
designer/specifier to inspect and study the criti-
cal stages of  the works. It is particularly diffi-
cult to achieve an acceptable finish to repairs on 
the face of  polished precast concrete surfaces. 

Photo 13. Photo 14. Photo 15. Photo 16.
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Photo 1 in Section 1 shows a good example 
of a matching repair. Multiple trials are usu-
ally required with different aggregate and 
matrix blends at exposed aggregate surfaces 
(photo 17).

Photo 17. Photo 18.

Photo 19. Photo 20.

− Pull-off  tests provide a quantitative evaluation 
of the quality and the bonding of the repairs 
(photo 18). However, these are difficult to under-
take at irregular surfaces and geometries.

− Humidity, surface temperature and moisture 
content tests before coating are required by coat-
ing manufacturers. (photo 19).

− Monitoring quantities at agreed ‘hold points’ 
will avoid disputes, particularly at large projects 
with large and geometrically complex repairs 
(photo 20).

Finally there is no substitute for regular site 
presence and chats with and feedback from the 
tradespersons, as the most successful projects are 
carried out as a team.

4 CONCLUSION

Concrete façade repair projects are complex and 
involve many aspects. An adequate understanding 
of the cause of the defects, solutions which elimi-
nate or accommodate these causes, experienced 
specialist contractors and a bit of luck are required 
for successful repair projects.
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ABSTRACT: An experimental and theoretical study were performed to evaluate the shear bond strength 
of the interface between concrete substrate and repair material in 5 types of test. Up to now, there are 
many different tests to estimate the strength but their results varies significantly. Based on the result of 63 
specimens, it could be indicated that: this shear bond strength depends not only on the internal features of 
specimens, but greatly on test method. The experiment that exists only purely shear stress at the interface 
always gives the smallest result. Especially, the change of bond plane’s angle in Shear Slant Test generates 
a larger compressive stress components at the interface; therefore the highest value of bond strength was 
obtained in this test. In the later part, calculations based on the shear friction theories could clarify more 
details about the differences of results.

materials and the interface’s conditions, but also 
the test methods (Momayez et al. 2005, Santos 
et al. 2011).

In this study, the shear bond strength was 
evaluated through experimental and theoretical 
study. Five types of  tests were conducted. The 
differences of  each test model which lead to the 
dissimilar results are discussed and thereby giv-
ing us an overview about test method to obtain 
this strength. In the remaining part of  this paper, 
the theoretical calculations are presented to some 
degree make clear of  the difference in the results 
of  these tests.

2 EXPERIMENTAL INVESTIGATION

The experimental study had the main purpose of 
evaluating the influence of test methods on the 
shear bond strength between concrete substrate 
and repair mortar. Simultaneously, the correlation 
between this strength and the interface roughness 
is also discussed. There are five kinds of test car-
ried out, namely, Direct shear test (DST), Push-off 
test (POT), Bi-surfaces shear test (BSST), Slant 
shear test (SST) and Punching shear test (POT) 
(Uji et al. 2007). The difference in stress state, such 
as purely shear stress, compressive-shear stress or 
a change of bond plane’s angle caused varying 
results.

During the test, AE censors are attached on the 
surface of all specimens. Therefore, failure proc-
esses can be monitored by the acoustic emission 
(AE) method and analyzed by SiGMA (Simplified 
Green’s functions for Moment tensor Analysis) 
procedure (Ohtsu 1991).

1 INTRODUCTION

After the booming era in the development of infra-
structure in the middle of the last century, there are 
more and more concrete constructions facing dete-
riorating situations. Instead of replacing, repairing 
and strengthening these structures is a better solu-
tion in both economic and environmental view-
point. Therefore, the task of the civil engineer now 
is to find out an efficient method for restoring the 
aged constructions and at the same time, ensure 
the highest level of safety operation.

One of the most common measures for repair-
ing old concrete structures is to remove the bad 
surface layer, clean rust of corroded reinforcement, 
and then overlay by a suitable material. For that 
reason, the good adhesion between attached mate-
rial and concrete substrate is an important factor 
affecting the success of concrete repairs (Czarnecki 
2009). To increase the bond between two parts, the 
usual technique is to create a rougher substrate 
surface or add a bonding agent (Julio et al. 2005). 
Although many types of test have been developed 
to estimate the shear bond strength of the inter-
face, until now no accurate prediction of this value 
has been unified. Therefore, it is still difficult to use 
these results for practical application (Austin et al. 
1999).

As we all know, concrete is a highly complex 
heterogeneous material, each specimens is not 
exactly the same as others. Moreover, the pattern 
of each test method to obtain this value is entirely 
different. Consequently, the shear bond stresses 
vary significantly between different tests. These 
evidences prove one thing the shear bond stresses 
depend on not only the characteristics of  these 

ICCRRR15_Fullpaper_Book.indb   687ICCRRR15_Fullpaper_Book.indb   687 8/27/2015   9:18:15 AM8/27/2015   9:18:15 AM



688

2.1 Testing procedure

Figure 1 shows the experimental model of each test 
with all detail dimensions. There are many ways to 
classify these tests in a group with the same char-
acteristics. In this paper, based on the stress state at 

the substrate surface, DST and BSST are belong-
ing to the group that bond strength only relates 
to purely shear stress. In contrast, with POT and 
PST, their testing frame models refrain horizontal 
deformation of the specimens that could generate 
a compression component at the interface. The 
last one, SST is the test whose bond plane angle is 
not perpendicular with external load causing the 
change of stress direction at the interface.

Table 1 presented the mix proportion of sub-
strate concrete. Repair material is the premixed 
type which does not include polymer and fiber. 
Compressive strength of mortar is higher than 
substrate concrete. The mechanical characteristics 
of hardened concrete substrate and repair mortar 
are given in Table 2.

A total of 63 specimens were created, in which 
DST, PST and SST each has 15 samples divided to 
3 types of interface roughness level; POT and BSST 
has 9 specimens each also divided to the 3 different 
surface types. Substrate concretes were casted and 
cured in standard condition until 14 days before 
being attached by repair mortar. After that, the spec-
imens were continued being cured. Shear test would 
be carried out from 28 days age of the substrate.

Figure 2 displays the images of the concrete sub-
strate in three types of roughness index: Smooth 
(S-type), Medium (M-type) and High (H-type). In 
all test, by using the set retarder sheets, which can 
adjust the setting time of cement, the surfaces of con-
crete substrate had been prepared for three different 
roughness levels. The set retarder sheets were pasted 
on the mold’s surface, which contact directly with 
the M&H-type substrate surface before casting.Figure 1. Shear bond test methods.

Table 1. Mixture proportion of base concrete.

Maximum 
aggregate size 
(mm)

Slump 
(mm)

Water Cement 
ratio (%)

Air content 
(%) 

Unit content (kg/m3)

Water Cement Fine Aggregate Coarse Aggregate

20 80 58.0 4.5 174 300 821 985

Table 2. Mechanical properties of base concrete and repair material.

Concrete substrate Repair mortar

Compressive 
strength

Tensile 
strength

Elastic 
modulus

Compressive 
strength

Tensile 
strength

Elastic 
modulus

 (N/mm2)  (N/mm2) (kN/mm2)  (N/mm2)  (N/mm2) (kN/mm2)

Direct shear test 37.7 2.98 26.6 62.7 5.05 30.0 
Push-off test 37.1 2.80 26.7 62.0 4.60 26.4 
Bi-surfaces shear test 33.2 3.00 25.3 58.6 4.20 27.1 
Punching shear Test 36.5 3.18 26.7 68.7 3.63 32.0 
Slant shear test 41.4 3.25 27.7 66.3 4.09 30.7 
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After one day, these surfaces were treated by 
wire brush and sprayed water in different degree 
to create the desired roughness levels. The rough-
ness index were measured by laser displacement 
transducer and qualified by the centerline average 
roughness method (Ohno et al. 2011). The method 
is calculated by the following equation:

R
L

f dxaR = ( )x∫1
 

(1)

Where Ra = center line average roughness (mm) 
which consider as the roughness index of the sur-
face; L = length of the surface; f (x) = height from 
center line. (Fig. 3).

2.2 Test results

Table 3 presents the average values of rough-
ness in each types and the corresponding average 
shear bond strength. It should be mentioned that 
the result in Table 3 is only the value when fail-
ure mode of test was adhesion failure at the inter-
face. It means that the plane of failure is along the 
interface. Especially, with PST’s bond strength, 
the numbers inside ( ) present the average values 
which were not clearly adhesive failure results. In 
Figure 4, the imprecise values of PST are also put 
inside ( ).

The shear bond strength of all methods was cal-
culated by dividing the maximum load at failure 
by the bond area; for SST, the bond area is a slope 
surface. Figure 4 illustrates more details about the 
correlation between the roughness index and the 
bond shear strength of all specimens.

2.3 Discussions about the results

As can be seen from Table 3 and Figure 4, the high-
est values of shear bond strength in all same rough-
ness level are belonging to SST. The following high 
values occurs in the PST and POT. Two remaining 
tests, DST and BSST have the similar and much 
lower values. Moreover, obviously, roughness level 
of the interface has a profound effect on the shear 
bond strength. Increasing roughness of the inter-
face surely would lead to rising of shear bond 
strength. However, the outcomes of each test dif-
fer significantly, making it hard to choose an accu-
rately value of bond strength between old and new 

Figure 2. Three types of surface texture.

Figure 3. The center line average roughness.

Table 3. Tests results.

Average 
roughness

Average shear 
strength

Type Value (N/mm2)

Direct shear test Smooth 0.05 0.51
Medium 0.38 2.11
High 0.85 2.77

Push off  test Smooth 0.1 2.59
Medium 0.64 3.53
High 0.99 5.00

Bi-surface shear test Smooth 0.08 0.51
Medium 0.47 2.43
High 0.95 3.50

Punching shear test Smooth 0.07 1.65
Medium 0.36 5.33 (6.18)
High 0.63 (6.95)

Slant shear test Smooth 0.17 5.30
Medium 0.49 15.41
High 0.7 –

Figure 4. Relation between the roughness index and the 
shear bond strength from test results.
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concrete. In the experimental study, SiGMA analy-
sis was applied to obtain AE signals that made the 
fracture zone inside of all specimens could be visu-
alized easily.

SST is one of the most popular tests used to 
obtain this value because of its simplicity. It is 
said that this test method is so sensitive to varia-
tion in bond strength that it could present consist-
ent results (Santos 2011). However, same as many 
previous studies (Julio et al. 2004, Momayez et al. 
2005), SST always gives the highest bond strength 
in comparison with others in the same surface’s 
condition and material’s characteristics. This can 
be attributed to the slope of bond plane cause high 
compressive stress on the surface. This compressive 
stress would generate higher interlock and friction 
forces at the interface (Santos et al. 2012). In this 
study, the value obtained from adhesive failure was 
recorded only in the S-type specimens and 4 out of 
5 samples of M-type. With higher roughness level, 
the failure mode of the specimens turns to cohesive 
failure mode, which is related to these materials’ 
compressive strength (Fig. 5a).

PST, classified to the category of bond test 
that stress at the interface is the combination of 
shear stress and compressive stress. The compres-
sive stress is produced by the restraint comes from 
repair material outer ring and carbon fiber sheet 
when loading. Therefore, the results of this test 
are also high with regard to another test meth-
ods. Moreover, the slip phenomenon between 
two materials only occurred clearly in all smooth 
roughness specimens and two out of five of the 

M-type. In other specimens, failure concentrated 
on a specific area of specimen, not all of interface 
(Fig. 5b). Therefore, these unclear results could 
not be considered as the shear bond strength. The 
reason maybe because this area is the weakest part 
of the specimens or the value of external force at 
this moment exceeds splitting tensile strength of 
the material.

DST is the simplest test that can get purely 
shear bond strength. 14 of 15 specimens failed at 
the interface. As can be seen in Figure 4, the bond 
strength values achieved in this method is mod-
erately small. Furthermore, the growth of shear 
bond strength in the relationship with the incre-
ment of roughness level is not as much as in others 
method. Especially, in H-type specimens, flexural 
cracks appeared at the middle span of substrate 
concrete that would reduce the accuracy of its 
results. It means shear stress did not work effec-
tively at the interface. The reason may come from a 
small eccentricity in loading position (Fig. 6).

With the intention to eliminate bending crack 
occurs as in DST, we continue carrying POT 
experiment with the special frame support. Two 
L-shaped steel plates combined with 2 bolts, tight-
ened by hand, help to keep external loading only 
acting in the vertical direction at the interface. Con-
sequently, all samples were failed at the interface. 
However, according to the AE results (Figs. 7a, b), 
shear stress seems to work well in S and M-type 
specimens. With H-type cases, AE events did not 
concentrate only at the interface. Indeed, dur-
ing testing process of this method, it is difficult 
to keep the specimen in stable condition. Only a 
small eccentricity of external force, the interface 
would be deviated from the vertical direction and 
thus, generates a rotation moment in this testing 
sample (Fig. 7d). The existence of crack that were 
highlighted by pen in Figure 7c as well as the AE 
analysis results are clear evidences for this prob-
lem. Simultaneously, the restrain of two fixed bold 
at the middle of the specimens may cause the bond 
strength results in this test method become higher 

Figure 5. Results of SST and PST.

Figure 6. Results of DST in H-type specimen.
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than in those of DST. For these reasons, this test 
method may not be suitable to estimate shear bond 
strength of bi-materials.

BSST testing systems is better in consideration 
of stability problems of specimen during loading. 
Moreover, with two loading positions as in Fig-
ure 8a, the testing system in BSST can reduce the 
influence of flexural phenomenon in the specimens. 
Additionally, to estimate the equality of loading’s 
transmission at two locations, strain gauges were 
attached on the underneath surface to measure 
longitudinal strain (Fig. 8b). In fact, in this test 
method, all specimens failed at the interface. The 
external loading destroyed the weakest part of this 
concrete sample and the results of strain showed 
that 2 loading points are equal during testing proc-
ess. The shear bond strengths obtained in this 
method are as small as those in DST, simultane-
ously the trend line of correlation between this 
strength and the roughness index are also similar. 
Although the distribution of the external loading 
in 2 positions need to be studied more, this test 
method is shown as a reliable method to evaluate 
purely shear bond strength between old concrete 
and repair material.

3 THEORETICAL ANALYSIS

Theoretical analysis in this study based on the 
shear-friction theory, which has been developed for 
almost 50 years with many researches (Santos et al. 

2012). A saw-tooth model is used to exemplify the 
macro texture of the interface between concrete 
substrate and repair material (Fig. 9a).

To simplify, all saw-tooth at the interface is 
exactly the same. The width b depends on number 
n of  teeth on length L of  the surface. Angle α is an 
inclination of the saw-tooth. Based on trigonom-
etry formula, the height h = (b/2)tanα (2). Accord-
ing to Equation 1, the value of surface roughness 
average Ra = h/2 (3) (Fig. 9b).

It is assumed that in every saw-tooth always 
exist two bonding components on the surface to 
restrain slip between 2 parts, namely adhesion and 
friction (Austin et al 1999). The first term “adhe-
sion” is mainly granted by the chemical bond con-
nection of mortar and aggregate (the pure shear 
strength). The second term “friction” is contrib-
uted by friction force that resisting the relative 
motion of mortar on the aggregate’s surface. If  
external loading exceeds total of restrained forces, 

Figure 7. Results of POT.

Figure 8. Results of BSST.
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the shear failure will occur like a slip phenomenon 
between two materials. However, if  the external 
stress goes over shear strength of these materials, 
shear failure would also happen due to the break-
ing of the saw teeth. In each type of test, the nor-
mal stress appears and varies because of external 
force or the change of bond plane’s angle. And this 
is the main reason make the results of each tests is 
significantly different.

These 5 tests can be divided to 3 groups: 
Group 1: purely shear stress, Group 2: shear-com-
press stress and SST. DST, BSST belong to the first 
group; POT, PST are in the second one, SST is the 
one that comparatively different with others.

3.1 Group 1: Purely shear stress group (DST, 
BSST)

In the group, there is only an external force in the 
vertical direction. This external stress σ0 could be 
analyzed to normal and tangential components at 
the saw-tooth’s surface (Fig. 10). Slip phenomenon 
will start if  the following condition is satisfied:

τ μσ≥ +μσ A  (4)

Where τ = the tangential external stress at the 
interface; μ = coefficient of friction; σ = the exter-
nal normal stress at the interface; A = the adhesion 
strength (the pure shear strength);

As can be analyzed in Figure 10

τ σ α
σ σ α

⎧
⎨
⎧⎧

⎩
⎨⎨

0σ

0σ
cos
sin

The delamination will occur if

σ
α μ0 ≥

A
(cos sin )α  

(5)

And

(cos in )α sin− >sin )sinμ 0  (6)

Equation 4 can be understood that if  this condi-
tion is not satisfied (angle α is large or value μ is 
big), a mortar saw-tooth cannot slip on the aggre-
gate surface. In other words, if  loading continues 
increasing, the saw-tooth would fracture by shear 
stress or cohesive failure would happen in two 
materials. It also means that at a certain value of 
angle α (or Ra), the increment of roughness could 
not make the bond stronger.

DST and BSST are the typical types of this 
group. Neglecting the deviation of external force in 
DST and the distribution of loading to two posi-
tions in BSST, their force diagrams at each saw-
tooth are exactly the same as in Figure 10.

3.2 Group 2: Shear-compress stress group (POT, 
PST)

In POT, besides the basis external stress as in DST, 
at the interface, another normal stress component 
C appears to restrain the horizontal deforma-
tion of the samples (Fig. 11). This frame system 
not only causes initial compression force but also 
makes the normal stress increase more and more 
when external loading rises. Therefore, the friction 
force at the interface also grows and the results of 
shear strength in this experiment are always higher 
than that in the previous one. We can see more 
details in the following formulas.

C is lateral stress caused by the fixed bolts and 
can analyze to normal stress Cn and tangential stress 
Ct at saw-tooth’s surface. Based on Hooke’s law for 
linear isotropic material, C can calculate as:

γσ 0 0CC  (7)

Where γ = the Poisson ratio of material and 
C0 = the initial compression force.

Figure 9. Saw-tooth model.

Figure 10. Force diagram in Group 1.
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Equation (4) will become:

τ μ≥ μ ( )σ +σ +A) + C) +A) + C

With

τ σ α
σ σ α

⎧
⎨
⎧⎧

⎩
⎨⎨

0σ

0σ
cos
sin

And

C C
C C

nC

tCC
C ( )C+
C ( )C+

⎧
⎨
⎧⎧
⎨⎨
⎧⎧⎧⎧

⎩
⎨⎨
⎩⎩
⎨⎨⎨⎨

cos c( )C+ os
sin s( )C+ in

α (= ( α)c)C+ os
α (= ( α)s)C+ in

CCCC+
CCCC+

The delamination will occur if

σ 0
0≥
( )α α+ +

( )α α γ α γ α
C0

α γ−α
α +

α α γ−
A

 
(8)

And

( )cos sin cos sinα αsin γ αcos γ αsin >αsin γ−αsin 0  
(7)

In PST, the force diagram is similar with this 
one in POT but the restrained compression force is 
caused by the Carbon fiber sheet and the holding 
force of outer ring mortar. Because tensile strength 
of mortar is much smaller than tensile strength of 
Carbon fiber sheet, the failure will occur when 
external stress exceeds total of the resistance ones 
or it reaches the value of splitting tensile of mortar 
material.

3.3 Slant shear test

The SST is one of the most common type of bond-
ing test in which the interface is under combined 
state of compression and shear stresses. The 
angle of failure plane with horizontal direction is 

60°. The change of bond plane’s angle makes the 
projection of external force on the perpendicular 
direction of saw-tooth’s surface increase. For that 
reason, the friction stress goes up and makes the 
value of bond shear strength in this type of test 
always much higher than the others (Fig. 12).

The external stress now is:

τ σ β α
σ σ β α

σ β
σ β

⎧
⎨
⎧⎧

⎩
⎨⎨

0σσ

0σσ
sin( )α
cos( )α

Equation (2) becomes:

σ 0 ≥ ( )β α βα
A
− β α  

(10)

And

(sin( ) cos( ))β β α−) >))αμ 0  (11)

3.4 Prediction of the shear bond strength in 
correlation with roughness index 

The equations above (Eq. 4, 8, 10) can be used to 
predict failure stress of each test. The right side of 
these equations is the minimum value of external 
stress σ0 which should be achieved to cause slip 
phenomenon at the interface. In the following part 
of this paper, these equations will be calculated by 
specific parameters to compare with the experi-
mental results.

Based on the laboratory results described earlier, 
the adhesion strength, A, could be determined as 
the values obtained in the purely shear test group 
(DST, BSST) in S-type specimens as 0.5 N/mm2. 
The internal friction coefficient is considered as 

Figure 11. Force diagram in Group 2.

Figure 12. Force diagram in SST.
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the value for friction between cement concrete and 
dry gravel, as 0.6. It is assumed that the width of 
a saw-tooth b = 5 mm and the surface roughness 
average Ra vary in corresponding with the angle α 
(See Eq. 2&3).

In POT, the Poisson ratio the specimen’s material 
can be determined as 0.2 of concrete material. The 
initial compression force C0 could be neglected.

It should be noted that in order to create the 
chart about the relation between roughness index 
of the interface and shear bond strength is logi-
cal, firstly we should attend to the conditions in 
Equation 6, 9, 11. More importantly, the limits of 
material strength should be considered carefully. 
For example, the external stress cannot exceed the 
shear strength of concrete material (appropriately 
14–17 N/mm2). Or in PST, the specimen would 
fracture because of splitting tensile strength (as 
3.63 N/mm2 in Table 2).

As a result, the estimation results of three 
groups are presented in the Figure 12. These curves 
reflected comparatively similar with the laboratory 
results. The bond strength computed in SST is 
still the highest and has a high degree of sensitiv-
ity to roughness level of the interface. With these 
assumed parameters, the result in SST quickly 
reaches the limit value of material strength and 
switches to a different form of destruction. POT 
and PST’s results are higher than those in group 1 
due to the impact of compressive components.

4 CONCLUSION

The bond strength is significantly change depend 
on type of test method. Depending upon on the 
practical application, we can choose the appropri-
ate type of test method.

From experimental and theoretical results, it 
is obvious to say that roughness level has a great 
influence on shear bond strength. However, from 
a certain limit of roughness, increment of rough-
ness would become meaningless, because the fail-
ure would not occur at the interface but turn to 
cohesive failure of material.

From the theoretical calculations, it is now clear 
why the compress-shear stress state tests always 
give higher results than others and SST presents 
the highest. In the purely shear bond test group, 
BSST is the most suitable one because this test is 
not only simple but also more stable.

ACKNOWLEDGEMENTS

This research was supported by Asian Human 
Resources Fund from Tokyo Metropolitan 
Government.

REFERENCES

Austin, S., Robins, P. & Pan, Y., 1999. Shear bond testing 
of concrete repairs. Cement and Concrete Research 29: 
1067–1076.

Czarnecki, L., 2009. Adhesion—A challenge for concrete 
repair, Concrete Repair, Rehabilitation and Retrofitting 
II: 935–940.

Julio, E.N.B.S., Branco, F.A.B. & Silva, V.D., 2005. Con-
crete to concrete bond strength: influence an epoxy 
based bonding agent on roughened substrate surface. 
Magazine of Concrete Research 57(8): 463–468.

Julio, E.N.B.S., Branco, F.A.B. & Silva, V.D., 2004. 
Concrete to concrete bond strength: Influence of 
roughness of the substrate surface. Construction and 
Building Materials 18: 675–681.

Momayez, A., Ehsani, M.R., Ramezanianpour, A.A. & 
Rajaie, H., 2005. Comparison of methods for evaluat-
ing bond strength between concrete substrate and repair 
material. Cement and Concrete Research 35: 748–757.

Ohno, K., Kurohara, S., Uji, K. & Ueno, A., 2011. Fail-
ure process in shear bonding strength test between 
existing concrete and repair material by acoustic emis-
sion technique. Proceedings of International RILEM 
Conference on Advances in Construction Material 
through Science and Engineering: 385–391.

Ohtsu, M., 1991. Simplified Moment Tensor Analysis 
and Unified Decomposition of AE Source. Journal of 
Geophysical Research 96(B4): 6211–6221.

Santos, P.M.D., Julio, E.N.B.S., 2012. A state-of-the-art 
review on shear friction. Engineering Structures 45: 
435–448.

Santos, P.M.D., Julio, E.N.B.S., 2011. Factors affecting 
bond between new and old concrete. ACI Material 
Journal V.108(4): 449–456.

Uji, K., Satoh, K. & Kobayashi, A., 2007. Effects of ret-
rofitting method using CFRP grid on shear behavior 
of existing concrete members. Proceedings of the 8th 
International Symposium on Fiber Reinforced Polymer 
Reinforcement for Concrete Structures.

Figure 13. Relation between the roughness index and 
the shear bond strength from theoretical calculations.

ICCRRR15_Fullpaper_Book.indb   694ICCRRR15_Fullpaper_Book.indb   694 8/27/2015   9:18:23 AM8/27/2015   9:18:23 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-98&iName=master.img-012.jpg&w=189&h=140


695

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2

Structural repair approach for reinforcement corrosion in concrete 
building structure: An application case
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ABSTRACT: The reinforcement corrosion in concrete building structures is one of great problem in 
preservation, durability and life services extension of existing building. The knowledge of structural safety 
level of building damaged by corrosion effects is necessary to estimate the residual service life. A proba-
bilistic approach based on Beyesian Belif  Network applied on experimental data (carbonatation concrete 
level) combined with the typological geometrical features of the building allow to estimate the residual 
services life of the building, through the lost resistance of elements. All this data permit the evaluation of 
best repair approach and to obtain a services life extension. The procedure data drive structural design 
repair choice. The study carried out show the application on a seven stories office building 56 years old. 
Each floor is 2000smq. Columns-beams frame forms a façade structural system. High level of reinforce-
ment corrosion damage was evident on many structural elements. The experimental tests on reinforced 
concrete elements was carried out to know the carbonatation level. The structural repair is carried through 
rust remove, process of rebars passivation and FRP application. The service life extension is calculated 
for repaired structures. The study shows the potentiality of the method (the opportunity of an integral 
approach in this field) and limits of the approach (evaluation of confidence range in experimental data).

which can be specialized for each building, allows 
to have a significant datum on the basis of which 
make decisions about repairs.

2 BACKGROUND

2.1 Carbonation induced corrosion

As is known one of the major causes of corrosion 
is the carbonatation of concrete. The process of 
penetration of carbon dioxide into the concrete 
leads to a change of the pH causing the depassi-
vation of the bars and their subsequent oxidation. 
Carbonatation is ruled by numerous factors and 
this causes extreme variability of the phenomenon 
even in apparently similar conditions. It is clear, 
in fact, that carbonatation both strongly depends 
on environmental weather conditions and material 
peculiar features (especially water/cement ratio, 
porosity, etc.). Thus the advancing front of carbo-
natation (defined as the area of interface between 
the carbonated concrete and that not carbonated) 
varies greatly not only according to life time of the 
structure but also, and just as significantly, accord-
ing to the parameters given above.

2.2 Corrosion impact on structural resistance

Corrosion has direct and indirect effects on the 
resistance of reinforced concrete structures. The 

1 OVERVIEW

1.1 Field

Preservation of the real estate is one of the topics 
of greatest interest to those who manage them. The 
issue is very important both for the preservation 
of life and for the economic impact that structural 
maintenance interventions have. An important 
part of the real estate consists of buildings with 
reinforced concrete structure. In Italy, most of the 
reinforced concrete buildings were built in a period 
from the end of Second World War to the early 
70s. Reinforced concrete structures of the build-
ings of this period have often shown problems of 
degradation due to corrosion of the reinforcement 
bars, which prompted the subsequent studies and 
research, which introduced the durability require-
ments among the criteria for a project. In this con-
text, those who manage real estate assets will often 
have to decide whether to take action to repair the 
structures or defer interventions.

At present there are no easy use tools that allow, 
case by case, to quantify the damage and then eval-
uate the decisions to take.

1.2 Aim

The study proposes a methodology for assessing 
the probability of collapse. This determination, 
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direct and indirect causes are both determined by 
the fact that the iron oxide has a molecular size 
greater than the non-oxidized material and this 
causes expulsion of the crystal lattice with conse-
quent detachment of the rust. The direct effect of 
this detachment is, of course, loss of reinforcing sec-
tion. While the indirect effects are mainly two: the 
increase in volume determines internal coactions to 
concrete with the progressive formation of cracks 
up to reach the expulsion of the concrete cover; rust 
formation causes loss of bond between bar and con-
crete. However cracks induced by the formation of 
rust cause themselves greater exposure of the bars 
and a consequent increase in the oxidation rate.

3 KEY QUESTION

3.1 When is indispensable to act

In most cases, the decision whether to intervene 
is taken after that the marks of corrosion are evi-
dent. It often happens that the decision is taken 
long after that there were phenomenon of spalling 
and therefore that the structure lies long after the 
end of its useful lifetime. And yet, at present, codes 
and recommendations do not provide explicitly a 
time when is indispensable to act; the fact that the 
structure does not report clear signs of structural 
instability leads to delay action.

In order to overcome this uncertainty, it is 
appropriate trying to quantify the risk associated 
with the decision not to intervene, in order to 
clarify who owns or manages real estate properties 
which are the risks assuming such decisions.

4 SOLUTION APPROACH PATTERN

4.1 Probability of collapse: Main depending 
variables

Structural deterioration due to corrosion of the 
bars depends on, as seen, many variables. Some 
of these are related to the structure itself  (quality 
of concrete, water cement ratio, porosity, concrete 
cover thickness, etc.), others are completely inde-
pendent from it (temperature, humidity, etc.). In 
addition to this we have to consider that the prob-
ability of collapse is significantly influenced by the 
occurrence of loads and in particular of that seis-
mic (load not considered in the design phase for 
most of existing buildings). Derivatively the prob-
ability of failure will be conditioned by the depth 
of carbonation and the subsequent oxidation level 
of the bars that affects sections resistance.

The description above makes clear that the 
probability of failure comes from interrelation 
of various stochastic variables some of which are 

completely independent and others are condi-
tioned one from each other or dependent.

4.2 Analysis method: Bayesian and frequentist 
approach

Modelling physical problems involving stochastic 
uncertainty has two main approaches: the classical 
probabilistic and the so-called frequentist one.

The first one cannot consider all the available 
data at the same time, but can explain the corre-
lations observed taking into account uncertain-
ties. Bayesian nets are tools which allow such an 
approach.

In the frequentist approach, means, coefficient 
of variations and probability distributions are 
probabilistic parameters obtained from the objec-
tive result of experimental observations. This 
approach can be defined as “the framework upon 
which uncertainty is modeled and incorporated 
into service life models of reinforced concrete 
structures” (Sudret 2008). But as quantifying the 
probabilistic information required to carry out a 
frequentist-based approach isn’t always possible, a 
structure specialist can give an opinion that can be 
quantified in a knowledge-based model to get pre-
dictions about the remaining lifetime of structure.

Everything a structure expert obtains from pre-
viously acquired experience contribute to develop 
probabilistic information that give a ground to 
the knowledge-based approach. A Bayesian belief  
network (BBN) (in which is condensed Bayesian 
view), incorporates the specialist knowledge, to 
develop causal links among variables and to assign 
subjective probability to those relations. So natural 
knowledge of the specialist is used to develop the 
causal network and the BBN is useful for physical-
based models not easily available.

Figure 1. Typical deterioration levels for a stell reinforce 
concrete structure suffering from corrosion (fib 2006).
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This study introduces a knowledge-based BBN 
model to estimate carbonatation rate and to deter-
mine the beginning of corrosion. Environmental 
weather conditions, design information and in situ 
non-destructive testing measurements can be com-
bined with proposed BBN model to define the pos-
sibility of corrosion induced by carbonation.

The application of Bayesian Network seems to 
be the most appropriate instrument to take correct 
account of these interconnections and achieve, 
easily, the determination of a failure probability.

4.3 Bayesian net

The Bayesian Networks are nowadays one of the 
most complete and coherent tool for the acqui-
sition, the representation and the utilization of 
knowledge in condition of uncertainty. The uncer-
tainties in a BBN model are reflected through sub-
jective probabilities.

A Bayesian Network specifies a multivariate prob-
ability distribution over a set of random variables 
(probabilistic model) through two components:

• A directed acyclic graph (DAG), the structure, in 
which the nodes represent the random variables 
and the arcs, directed arrows between nodes, 
represents causal link between the connected 
variables;

• A set of local probability distributions, each of 
them is associated to a random variable and con-
ditioned to the set of its parents in the graph. In 
the case of a variable with no parents, the condi-
tional probability structure reduces to the uncon-
ditional probability (UP)_ of that variable.

Bayesian nets graphs topologies encapsulate 
assumptions about dependencies and conditional 
independencies, over a set of variables, making 
them graphically intuitive and explicit. Markov 
properties for acyclic graphs states that every node 
(variable) is “conditionally independent from any 
of its non-descendants, given the values of their 
parents” namely:

p(e|a, p(e)) = p(e|p(e))  a V \ d(e)∀ ∈a  (1)

where d(e) is the set of descendants of e.
This rule allow to manipulate in an efficient way 

the joint probability distribution factorized by the 
chain-rule decomposition; the main advantage is 
the drastically decreasing in computing effort when 
carrying out or updating marginal distributions as 
new information is available. The joint distribution 
is simplified as explained below:

p( 1, x2, x3, ... .xn) p(x1|x2, x3 ... xn) ...
...p( 2|, x3... 

x =
.xn)p(x3|... . .xn)p(xn.. ) ⇒

⇒ =⇒ ∏( ) ( | ( ))y p=⇒ ∏) p x(  

(2)

The main task of BBN is in handling efficiently 
with the implication of Bayes’ theorem. In a 
BBN analysis, for n number of mutually exclusive 
hypotheses Hi, i = 1, ..., n, and a given evidence E, 
the up dated probability is computed as

P(Xj|E) P(E|Xj)P(Xj)/ i P(E|Xi)P(Xi)= ∑  
(3)

where:
p(H|E) = one’s belief  for hypothesis H upon 

observing evidence
E, p(E|H) = likelihood that E is observed if  H is 

true, P(H) = probability that the hypothesis holds 
true, and p(E) = probability is the probability that 
the evidence takes place.

The efficacy of a BBN is realized in its flexibility 
to capture top-down inference, observing the cause 
or parent and inferring the possible effect or child 
and bottom-up inference, observing the effect child 
and inferring the possible cause parent.

Fundamentally, a BBN is used to update prob-
abilities when new information is available. The 
network supports the computation of the prob-
abilities of any subset of variables given evidence 
about any other subset.

4.4 Probability of collapse bayesian net

the goal of the proposed BBN model is to assess 
the structural reliability evolution over time 
accounting both for major accredited stochastic 
models concerning deterioration processes of RC 
structures and probabilistic description of static ad 
seismic loads adopted by Italian design code. 

The phenomenology takes into account is very com-
plex and requires the design of three different levels of 
submodels. They can be summarized as follows:

1. Model for estimating the progress of the car-
bonation front for the detection of corrosion 

Figure 2. The BBN for probability of failure.
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onset seen as time range necessary to the face to 
cross the concrete cover and to depassivate the 
reinforcements.

2. Model relating to the corrosion rate which, 
together with data relating to the propagation 
time of the corrosive phenomenon, helps to pre-
dict residual reinforcement area for a fixed age 
of the building.

3. Model for defining the conditioned probabil-
ity of shear structural collapse for the element 
considered.

The complete model consists of the interactions 
of the three sub-models. The Bayesian model pro-
posed can be thought of as a whole formed by a 
number of submodels each dedicated to the proba-
bilistic description of the phases that contribute to 
the definition of the entire inferential process.

Each sub-model catches the causal dependen-
cies of a given variables of output as a function 
of the physical parameters that most influence it 
highlighting the conditional independence on the 
basis of a priori knowledge of the phenomenon.

The output of a submodel may represent the 
input of one or more submodels provided that 
in the graph there is a directed link from the first 
to the second ones. In our case, for example, the 
output of the submodel dedicated to carbonation, 
concerning the moment at which the carbonation 
front equals the concrete cover, provides an input 
data for the estimation of the level of corrosion 
when is known the corrosion rate.

Since all the variables involved can take discrete 
values depending on the number of ranges in which 
is divided the corresponding domain of variation, 
the probabilistic dependency relationships are 
defined with tables that contain the values of prob-
ability of a node as a function of all possible config-
urations of the ascending nodes (nodes from which 
starts an arc pointing to the node of interest).

4.5 Mathematical model

4.5.1 Carbonatation model
Several models have been developed in order to 
model carbonatation process. DuraCrete (2000b) 
proposed the following model for the progress of 
the carbonation front:

x k k k c R t t
tca c ck a ek ca t ckk a sc ca caR

nxa⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−1 0
, ,ca e , ,ca s

 
(4)

Where:
Rca – expresses the effective resistance of con-

crete to carbonation and is strongly influenced by 
the concrete composition. Rca can be approximated 
as normal variable with mean ad std depending on 
w/c ratio [kgCO2/m3/mm2/yr]

R ~ N(ca
1

Rca Rca
μ((

Rca 1 , )
Rca-1σ

 
(5)

cs,ca – Surface Concentration of Carbon Dioxide.

Table 1. Nomenclature.

Pcoll Probability of failure
VEd Shear caused by vertical loads
VEd_s Shear caused by seismic loads
tcorr Time from the beginning of the corrosion
vcorr Corrosion rate
crack Parameter opening of cracks
yrs Time from the construction of the structure
yrs_obs Time of observation
geometry Geometric dates of the structure
dc Concrete cover depth
fc Compressive strength of concrete
fy Yield strength
T Temperature
ec Exposure class

Figure 3. Sub model BBN for determine the probability 
of time the beginning of the corrosion.

Figure 4. Sub model BBN for propagation of 
corrosion.

Figure 5. Sub model BBN for probability of failure.

ICCRRR15_Fullpaper_Book.indb   698ICCRRR15_Fullpaper_Book.indb   698 8/27/2015   9:18:25 AM8/27/2015   9:18:25 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-99&iName=master.img-002.jpg&w=113&h=94
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-99&iName=master.img-003.jpg&w=114&h=85
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-99&iName=master.img-004.jpg&w=189&h=62


699

In this work cs,ca is approximated by a normal 
random variable with

μCμ
s cC a

CoV
,

. .= 6 1⋅ 0CoV =0− 174 a d
 

(Li, 2004)

ke,ca – The environmental parameter represents a 
ratio between observations made in an actual cli-
mate and observations made in a reference climate. 
The value Ke,ca can be approximated as lognormal 
random variable.

ke ck a ca, ,ca k )k ca,k~lnN(λ ζ k  
(6)

nca – Age Factor for Carbonation – The dif-
fusion coefficient will increase with age, what is 
expressed by the age factor nca, which follows a 
betadistribution.

nca n n n n~Beta(q r a
ca ca ca ca

, ,nrn , )nb
ca  (7)

kc,ca – Execution Parameter for Carbonation 
takes execution influences upon the effective dif-
fusion coefficient into account. The final results 
based on observations of concrete elements are 
listed below.

kt,ca – Test method parameter assumed here as 
deterministic and equal to 1.

4.5.2 Corrosion model
The corrosion rate Vcorr can be modeled empiri-
cally. The corrosion rate is expressed as product 
of local influencing factors, material parameters 
(DuraCrete (2000b)), and a load induced crack 
factor as specified below.

V m crcorrVV fcr= ⋅0

ρ  
(8)

Where:
Vcorr – corrosion rate [mm/yr]
crfc – Crack factor – it accounts for the influence 

of cover cracking on corrosion rate (Otieno M. 
et al. 2011).

Pre-corrosion cracking and crack characteristics 
can considerably affect both corrosion initiation 
and its propagation. The influence of cracking on 

corrosion may vary depending on concrete quality, 
concrete resistivity, crack dimensions, crack distri-
bution, crack self-healing and crack orientation. 
According to the Figure 6, in this work, crack fac-
tor is assumed as a discrete variable that randomly 
switches between 3 values depending on crack 
width.

ρ – is the concrete resistivity given by:

ρ ρ
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠0ρ

0

T
t

k kHydrTT n

T rkk RHk r

r

, ,r RH

 
(9)

Where:
tHydr – time of hydration [mm/yr]
t0 – reference time (1 yr) [yr]
m0 – parameter which represents a constant for 

corrosion rate versus resistivity based on Faraday’s 
law. [μmΩm/yr] (Nilsson, Lars-Olof and Gehlen 
1998) propose to use a constant mo = 822 for the 
time being.

ρ0 – potential concrete resistivity for a reference 
environment. It can be approximated as a normal 

Table 2. Grade parameter Rca.

Grade w/c ratio distribution μRca-1 σRca-1

45  0.45 Normal 25 2.23
40  0.55 Normal  5 0.38
35  0.55 Normal 15 0.89
25 >0.55 Normal 35 1.75

Table 3. Environment parameter ke.ca.

Envirorment Distribution λe,ca ξk,ca

LAB Deterministic – –
OS Lognormal −0.207 0.299
OUS Lognormal −0.198 0.266

LAB – fixed indoor humidity and temperature 
conditions
OS – outdoor sheltered by rain
OUS – outdoor unsheltered

Table 4. Environmen parameter nca.

Envirorment Distribution qnca
rnca

anca
bnca

LAB Deterministic – – – –
OS Beta 0.850 1.290 0.0 0.5
OS Beta 0.554 0.491 0.0 0.5

Table 5. Curing parameter kc.ca.

Curing Distribution
qkc.ca

λkλ
ck

rkrr c.ca

ζ kζ
ck

akc,ca
bkc,ca

1 s. Lognormal 2.52 0.84 0.45 –
3 s. Lognormal 0.87 1.03 0.88 –
7 Deterministic 1.00 – – –
28 Beta 1.86 1,10 0.35 1.00
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random variable with a mean of 77 Wm and a 
standard deviation of 12 Wm.

ρ μρ0ρρ N(
0 0ρ ρρ ρ, )σ ρσ

0ρρ  
(10)

nr – age factor of the concrete resistivity. This 
parameter is determined as a normal random vari-
able with a mean of 0.23 and a standard deviation 
of 0.04.

nr~N(μρμμ
0 0ρ ρρ ρ, )σ ρσ

0ρρ  (11)

kT,r—Temperature Factor for Resistivity. it can 
be approximated by

kT rkk , ( )
=

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1
1 K (T+ K (T

 
(12)

in which parameter K is the temperature depend-
ence of the conductivity and approximated by:

kRH,r Humidity Factor for Resistivity. The 
humidity factor kRH,r is different for OS and OUS 
conditions. We have considered only the OUS con-
dition that characterizes our case study.

k aRHk r k ka
RHk r Rk H r RHk r, , ,r RH ,kk )hif d λ ζkRHk r

, k  
(13)

With: λ ζk kλ ζλ kRHk r Rkζ
H r RHk r

a
, ,r RH ,

. , .0ζ kζ =ζ kζ 33 0 7. 9

4.5.3 Loads model
According to the Poisson model (Cornell, 1968; 
Stein and Wysession, 2003), probability of n earth-
quakes of interest occurring in an area or along a 
fault during an exposure time (t) in year is:

p t e
n

t n

( ,n , ) ( /tt )
!

/

)) τ=
 

(14)

where τ is the average recurrence interval (or aver-
age recurrence rate, 1/τ ) of earthquakes equal to or 
greater than a specific magnitude (M). The prob-
ability that no earthquake will occur is:

p t e t( , ) /)) τ= −
 (15)

The probability of at least one (one or more) 
earthquake equal to or greater than a specific mag-
nitude (M) occurring within t years is

p t p e t( ,n ) ( , , ) /−1) =t, ) 1t )p( , ,p( t,tt τ
 (16)

The expression above can be used to calculate 
risk, expressed as X percent PE in t years, for a given 
average recurrence interval (τ) of earthquakes of a 
certain magnitude (M or peak ground acceleration) 
orgreater. For example, for an average recurrence 
interval of about 975 years,corresponding to a peak 
ground acceleration of 0.108 g at the site of inter-
est (Rome Lon.12,4813, Lat.41,9804), the risk that 
the area will be struck by at least one such event is 
about 5 percent probability in 50 years. Eq. 3 can 
also be used to calculate the average recurrence 
interval τ of earthquakes with a certain magnitude 
(M) or greater for a given PE in a specific time.

5 APPLICATION CASE

5.1 Building and structure damage description

The bank offices building was designed in 1954 and 
the construction end in 1959. The building have 
three underground level and eight level upside. Plan 
shape is approximately rectangular with a internal 
court and a overhang part for each of edge.

The building have a RC structure: two big cores 
(for staircase and elevators) and the façade sys-
tem, from second level to seventh level, composed 

Table 6. Crack parameter.

Crack crfc

0.0–0.3 mm 1.00
0.3–0.7 mm 2.47
> 0.7 mm 3.71

Figure 6. Effect of cracking, concrete quality and resis-
tivity on corrosion current (Otieno M. et al. 2011).

Table 7. Temperature parameter.

Temperature Distribution ρk σk

T > 20 Normal 0.073 0.015
T = 20 Deterministic 1 –
T > 20 Normal 0.025 0.001
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by a RC frame structure (columns 20×37 cm and 
beams). Each floor have a surface of 2000sqm.

The RC frame structures are completely exposed 
and since 1979 there are evidence of cracks in col-
umns. In 2004 a FRC was applied on the exposed 
structures later the firsts spalling events. In 2012 
there are the first cover FRC detachment and a 
experimental tests are carried out to study the situ-
ation and take a decision.

5.2 Experimental tests data

The experimental tests was carrier out to have real 
data on carbonatation, corrosion and concrete 
resistance.

The experimental test have confirm the car-
bonation induced corrosion phenomena of RC 
structures.

5.3 Evaluation of collapse probability

The observation of RC structures state and the 
results of experimental tests make clear the neces-
sity to repair the exposed structures. The own 
require a quantification of the risk of collapse.

In the case study attention have been limited to 
shear failure mechanism of columns. The structure 
has very low ductility mainly due to the insufficient 
shear reinforcement. The shear resistance has bean 
estimated applying EC2 formulation reported below.

V k b d
A dfdd

sRdVV Rd l cp wbbc
swA ywff d

3 1 01 +( (kk . )l2 40+2 . )cpc15
.

τ ρRd 1(kRd k . l40+2 c
 

 (17)

The output of the BBN implemented through the 
open source package Kevin P. Murphy “The Bayes 
Net Toolbox for Matlab”, gives the evolution over 
time of the probability that the resistance will fall 
below both the shear force due to static load, whose 
lower bound is fixed to 5% percentile value of dead 

and live loads (characteristic value according to 
Italian design code NTC 2008), and the shear due 
to seismic estimated as in 4.5.3. Static and dynamics 
load have different statistically independent nodes 
in the BBN dag (directed acyclic graph). It follows 
from above it makes more sense to talk about the 
risk that a design verification of strength is not sat-
isfied rather than an actual failure probability.

Figure 9. represents the sensitivity analysis car-
ried out varying each time only one input parameter 
in order to assess its influence compared with the a 
priori knowledge. The analysis is based on design 
geometrical information and extends from the 
“birth” of building to the hundredth year of age.

Several scenarios have been considered each one 
characterized by an increasing amount of informa-
tion. In this way it is possible to assess the impact 
of a posteriori knowledge on the time probability 
curve.

The probability curves are carried out by the 
actual state of the building approximately 50 year 
after its construction

yrs_obs = 50 yrs

Follows a step by step description of the BBN 
updating as shown in Figure 10.

Phase 0 – only design a priori knowledge 
dc = 2 cm

Phase 1 – large cracks detected during visual 
inspection: high crack factor

Figure 7. Corroded rebar. Figure 8. Detail of spalling.

Table 8. Experimental tests.

Test Number test

Cylindrical spacement strength test  58
Carbonation test 127
Rebar mass ass loss measurement 100
Cover concrete measurement 127
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Phase 2 – a concrete cover significantly lower 
than the design one is measured dc = 0,5 cm

Phase 3 – high concrete class have been noticed 
from text on cylindrical specimens of the building 
Rck 40

Phase 4 – Ph indicator at cover depth gives high 
carbonation level that is closely related to short ini-
tiation period.

5.4 Concrete structures repair

The structural repair is carried through rust remove, 
process of rebars passivation and FRP application. 
The FRP wraps allow the refurbishment of lost stir-
rups section and a reactivation of the bond between 
concrete and steel rebar. Before of the application 
of FRP, a migratory corrosion inhibitor was applied 
to protecting and passivate the rebars.

6 CONCLUSION

The paper shows that the bayesian net are an easy 
method to evaluate the probability of collapse in 
application case too.

The bayesian net are a very good method to syn-
thesize a great number of stochastic variability and 
build an adequate model of physical phenomena.

In the application case, the opportunity to build 
an a priori evaluation jointed to data tests produce 
a valid collapse probability.

Next steps on this research pattern are the use of 
bayesian net to define a focused experimental tests.
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ABSTRACT: Chloride induced reinforcement corrosion is increasing due to aging of concrete infra-
structure. Conventional repairs have poor durability and many fail after less than 10 years. For conven-
tional repair chloride contaminated concrete is removed, steel is cleaned and new concrete is applied. 
Leaving chlorides, e.g. in pits, corrosion may re-activate and the repair fails. The authors have invented a 
pre-treatment for conventional repair, called Electro Active Repair (EAR) for electrochemical removal of 
chlorides from corrosion products and pits. After removal of contaminated concrete, a temporary mate-
rial and a temporary anode are installed and cathodic current is applied for 24 hours. Next, temporary 
materials are removed and repair is executed as usual. A European patent was granted and a world-
wide patent applied for. The principle was confirmed in laboratory experiments. A cementitious material 
was placed between NaOH and FeCl2 solutions. More than 90% of the chloride was removed from the 
catholyte (FeCl2) in 20 hours at 8 A/m2 and the pH increased from 3 to 12, which will prevent re-activation 
of corrosion and consequently improve the durability of the repair. The method has the advantage that it 
fits in the conventional repair process.

reinforcing steel; and electrochemical effects 
(incompatibility, incipient anodes or “patching” 
effects) between repaired and surrounding non-re-
paired places where chlorides are present. In such 
cases, the chlorides left behind in concrete, corro-
sion products, and corrosion pits reactivate the 
corrosion process. Consequently, the loss of  steel 
cross section continues and new cracking results, 
necessitating new repairs.

Removing chlorides and cleaning of steel is 
not critical for electrochemical methods for corro-
sion protection of steel in concrete [Bertolini et al. 
2013]. Cathodic protection (CP) works by passing 
a low direct current to the reinforcing steel, sup-
pressing corrosion. CP is being applied on a wide 
scale and long working lives can be obtained [Pol-
der et al. 2014]. However, continuous current flow 
must be secured and specific monitoring must be 
carried out over the remaining life of  the structure. 
In particular the obligation to monitor is seen as 
a disadvantage by many owners. Electrochemical 
chloride extraction (desalination) works by pass-
ing a high current for a period of up to several 
months, removing chloride ions from the con-
crete (and from pits) [Polder & Hondel 2002]. The 
main disadvantage is the long period of execu-
tion of the non-permanent repair process and the 

1 INTRODUCTION

Chloride induced corrosion of reinforcement in 
concrete is a growing problem due to aging of 
infrastructure exposed to de-icing and marine 
salts. Increased numbers of  concrete structures 
need repair of  damage and protection against 
chloride induced corrosion, e.g. [Polder et al. 
2012]. The majority of  repairs follow the conven-
tional method: removal of  chloride contaminated 
concrete, cleaning of the steel to bright metal and 
application of new concrete [EN 1504-10]. In 
practice, conventional repairs have poor durabil-
ity and it appears that their life is limited: accord-
ing to a Europe-wide survey, about 50% of repairs 
fail within ten years [Tilly & Jacobs, 2007; Tilly, 
2011]; similar observations were made in a Dutch 
study [Visser & Zon 2012]. Failure of  conventional 
repairs is due to various mechanisms, including 
mechanical and corrosion related factors. Other 
causes of  repair failure may be: inadequate condi-
tion evaluation (cause of corrosion or other degra-
dation) [Vaysburd et al. 2012], or inadequate repair 
specification [Snover et al. 2012]. Setting aside 
other causes, corrosion related factors of  repair 
failures are: insufficient removal of  contaminated 
concrete; insufficient cleaning of the affected 
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uncertainty of when the process can be stopped 
without compromising the effect and without 
causing major changes of  the concrete microstruc-
ture [Castellote et al. 1999].

The authors propose to improve the conven-
tional method of  concrete repair by adding a step 
in which a direct current is applied for a short 
period of  time. This additional step is called Elec-
tro Active Repair (EAR). It causes electrochemical 
removal of  chlorides from the steel surface, from 
corrosion products and corrosion pits. The over-
all repair process then becomes as follows. After 
removal of  spalled concrete, a temporary material 
is placed in the excavation, a temporary anode is 
installed and a cathodic current is applied to the 
steel for a short time (24 hours). This is illustrated 
in Figure 1. The temporary material can be a 
cementitious material or an ion conductive gel or 
paste. Following steps are removal of  temporary 
materials, removal of  contaminated concrete and 
conventional repair as usual. A European patent 
has been granted in 2014 and a worldwide patent 
has been applied for. The method has the advan-
tage that it fits in the conventional repair process. 
Monitoring is not necessary. The additional cost 
is expected to be moderate. Applying the invented 
pre-treatment to conventional repair is expected 
to increase the life of  repairs and consequently 
reduce the life cycle cost of  corrosion affected 
structures.

2 BACKGROUND

Pitting of  reinforcing steel is caused by accumula-
tion of  chloride ions at the steel surface, exceed-

ing the (local) threshold [Angst et al. 2011]. When 
the pit develops, more chloride ions are attracted 
that auto-catalyse the iron dissolution reaction. 
Iron chloride (FeCl2) and iron (hydr)oxides are 
the main constituents of  the pits. Because the 
iron (hydr)oxides are poorly soluble, the liquid 
contains a concentrated solution of  FeCl2, with 
a low pH; pH values were suggested of  about 2 
[Pacheco et al. 2011, Polder et al. 2011], which was 
attributed to HCl. However, the pit solution also 
contains a rather high concentration of  FeCl2. 
After intentionally contaminating concrete near 
steel bars with chloride, chloride contents of  cor-
rosion products have been observed of  3.5 to 7% 
of chloride ion by mass of  corrosion product [Pol-
der & Hondel, 2002]. High levels of  3% chloride 
by interaction volume have been found by SEM/
EDS, corroborating such high chloride contents 
[Wong et al. 2010], see also [Scheiner & Hellmich 
2007]. This can be interpreted as corresponding 
to a solution of  approx. 2.5 mole/l of  FeCl2 or 
5 mole/l of  Cl.

The pH of FeCl2 solutions of low concentra-
tion (below 0.1 mole/l) is in the range of 4 to 5 
[Gayer & Wootner, 1956]; no data were found on 
concentrated solutions. A pH of 3 was found in 
the experiments described below. FeCl2 will buffer 
the pH at about 4 or lower, which is highly cor-
rosive. The buffer capacity is proportional to the 
concentration.

Summarising, active corrosion pits contain a 
solution with a pH between 2 and 4. A low pH 
is buffered by FeCl2 at about pH 3 to 4. Conse-
quently, for effective repassivation by obtaining 
a high pH (preferably above 10), the majority of 
chlorides need to be removed from the pit solution. 
The target level of reduction of the chloride con-
centration for successful treatment was set at 90%. 
This is what the present invention aims at and what 
the experiments have documented to be achievable 
within the parameters set.

3 EXPERIMENTAL CONFIRMATION

The principle of the proposed method was con-
firmed in laboratory experiments. They will be 
reported briefly here and in more detail elsewhere 
[Geiker & Polder 2015]. A cementitious material 
was placed between NaOH and FeCl2 solutions as 
anolyte and catholyte, respectively, using activated 
titanium electrodes for applying a voltage. More 
than 90% of the chloride was removed from the 
catholyte (FeCl2) in 20 hours at 8 A/m2 and the pH 
increased from 3 to 12. Such a reduction of chlo-
ride concentration and increase of pH will sup-
press re-activation of corrosion and consequently 
improve the durability of the repair.

Figure 1. Principle of EAR, showing break out with 
temporary material (‘paste’), temporary anode (Ti* 
anode) and current application (IEAR), which removes 
chloride from corrosion pit.
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4 APPLICATION

Practical cases where EAR can be applied will vary 
widely in a number of parameters, such as orien-
tation and amount of spalls. For example, on a 
horizontal surface the temporary material can be 
a liquid contained in a pond. On a vertical surface, 
the temporary material must be a paste or a gel that 
sticks to the concrete, or a vertical container must 
be formed and filled with liquid. If  the amount of 
spalls is low (say 5% of the surface), the anode is 
placed on the original surface without the risk of 
short-circuiting. The temporary material is only 
placed in the spalls. In order to have a reasonably 
uniform current distribution, the temporary mate-
rial needs to have similar resistivity as the concrete. 
If  the extent of spalling and the degree of exposure 
of the reinforcement are high (say 50 to 100%), 
the anode must be physically separated from the 
rebar to prevent short-circuiting, using for exam-
ple polymer strips or wooden battens. Similarity 
of resistivities may be less critical; nevertheless it 
should be controlled within certain boundaries. 
Application of the temporary material can be by 
casting or spraying, depending on orientation and/
or containment type. The material should not dry 
out (increase in resistivity) or needs to be wetted. 
The material would preferably be recoverable and 
re-usable (after removing the chloride). At present 
we are working with industry to develop such a 
material.

Out of many possible combinations of param-
eters, two example cases have been selected to illus-
trate the application.

5 CASE STUDIES

Two hypothetical case studies are presented. They 
represent two extremes in terms of the amount of 
concrete damage (spalls) that is present when the 
repair is designed. Many cases will be somewhere 
in between. The cases will be described in terms 
of starting situation, information available, pre-
liminary repair steps, EAR application and follow 
up steps to complete the repair process. As part of 
the description, the background is given, including 
possible repair/protection options and arguments 
for/against each of them. The overall background 
is that corrosion has been initiated in a bridge sub-
structure due to penetration of chloride ions from 
de-icing salts or sea water.

5.1 Case 1 – bridge abutment

5.1.1 Background
This case has widespread corrosion initiation and 
pitting, but damage to concrete so far is limited. It 

is the abutment of a bridge supporting a monolithic 
bridge deck, where leakage through an overlying 
expansion joint has brought chloride containing 
water from de-icing salts (XD3 according to EN 
206) onto the concrete surface. Corrosion initiat-
ing chloride levels have penetrated slightly behind 
the rebars, causing multiple corrosion pits. The 
amount of concrete damage (cracking and spalling) 
is limited, about 5% of the total surface. The owner 
has identified the corrosion problem based on a 
visual inspection that signalled some cracks and 
spalls; subsequently chloride sampling and poten-
tial mapping have been carried out, which have 
identified widespread chloride induced corrosion 
initiation across the top horizontal surface of the 
abutment. Further development of damage is to be 
expected in a few years. The affected area is 1 m 
deep by 15 wide, see Figure 2. Sketches of details 
are shown in Figure 3.

5.1.2 Options, abutment
Options for protection and repair are:

− do nothing,
− cathodic protection (CP),
− electrochemical chloride extraction (ECE),
− conventional repair; and
− conventional repair+EAR.

Doing nothing causes considerable loss of 
concrete cross section and rebar diameter in 5 to 
10 years, with possible implications for structural 
safety and serviceability; this is not acceptable to 
the owner.

With CP, the cracked and spalled areas need to 
be repaired; then an anode is installed and con-
nected to a power source; and a monitoring system 
(sensors) is installed. Due to limited working space, 
an anode based on conductive coating is most 
suitable, which has a limited life (about 15 years). 

Figure 3. Sketch of details of chloride penetration and 
rebar layout, with examples of pitting (red squares) and 
cracking/spalling (concrete damage) as well as concrete 
removal (not to scale).
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Operation of CP involves maintenance by electrical 
checks (every 6 months or more often) and visual 
inspection once per year. The cost of maintenance 
over 25 years may be as high as 50% of the initial 
cost of installing CP [Polder et al. 2014]. Further-
more, the owner would rather like to continue his 
usual policy of visual inspection every five years 
than having to monitor annual testing reports.

Electrochemical chloride extraction (ECE) needs 
several months of treatment to be sure that (nearly) 
all chloride is removed. A potential problem is the 
question when the treatment can be stopped; this 
requires repeated testing for (remaining) chloride 
and involves uncertainties due to erratic penetra-
tion of chloride (location of sampling). A draw-
back for the owner is that ECE is not available on 
the local market as a routine technique. This causes 
uncertainties about price levels and about the qual-
ity of the final result.

For conventional repair, significant amounts of 
concrete need to be removed, in principle all chlo-
ride contaminated concrete (say at least 10 mm 
behind the rebars); and the rebars exposed by con-
crete removal need to be completely cleaned of cor-
rosion products and chloride contained in them by 
grit blasting (this requires significant removal on 

the side of the bars). Concrete removal and repair 
may have to be done in consecutive parts for struc-
tural reasons (or additional support has to be pro-
vided to the deck). Then, new concrete is placed. 
This technique fits in the routine concrete mainte-
nance policy of the owner. However, a drawback 
is the narrow working space, which will hinder 
proper execution (removal, cleaning). Thus, there 
is a significant probability that chlorides are left 
and the repairs will fail within 5 to 10 years, cor-
rosion will reactivate and rebar diameter loss will 
continue. This may compromise structural safety 
and serviceability. New repairs will then be neces-
sary, potentially including the need to install new 
reinforcement, which will considerably increase 
the magnitude and cost of the intervention and 
include the need to stop traffic using the bridge for 
some time.

For conventional repair with EAR, in principle 
the same amount of concrete needs to be removed 
as with conventional repair. The treatment by 
short-term application of current takes away the 
aggressiveness from the corroding steel and its 
immediate vicinity. The life of the repair depends 
mainly on the mechanical properties of the repair/
substrate interface; it may be as long as 25 years. 
The small damaged areas need temporary repair 
with a material with an electrical resistivity match-
ing that of the parent concrete. This requires that 
the concrete resistivity is measured (e.g. using a 
four-point resistivity probe). Companies applying 
EAR should have materials with known resistivity 
available. The successive steps are described in a 
following section.

5.1.3 EAR application, abutment
The following steps need to be taken with repair 
plus EAR. Concrete resistivity must be measured 
for matching the resistivity of temporary repairs. 
The surface area of the reinforcement (top mesh) 
in the area to be treated needs to be calculated; this 
is typically 1 m2 of steel surface for 1 m2 of con-
crete surface. Steel continuity needs to be checked 
beforehand; if  not continuous, a step should be 
added for making the steel continuous. However, 
usually continuity is present in civil engineering 
structures built after 1945.

− Clean the concrete surface (of oil, dust etc)
− Break out spalls and make temporary repairs with 

resistivity-matched material (mortar, paste, gel)
− Apply the EAR steps

− Make 2 rebar connections as far apart as pos-
sible within the area to be treated, check for 
continuity

− Form ponds on horizontal concrete surface by 
placing shutter walls, of typical size a few m2 
(“zones”)

Figure 2. Case 1, Sketch of bridge abutment, longitudi-
nal cross section of 1 m deep (top), transverse cross sec-
tion of 15 m wide (bottom) (not to scale).
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− Place anode mesh (activated titanium) in 
ponds

− connect anode and cathode (rebar) cables to 
power unit

− fill ponds with liquid (saturated Ca(OH)2)
− switch on current at 5 A/m2 of steel surface; 

NB the total current would be about 75 A for 
a total of 15 m2 of concrete surface, separated 
in about 5 zones

− monitor current for each zone; increase volt-
age if  current is below 2 A/m2, decrease volt-
age if  current is above 8 A/m2

− switch off  at a total charge of 40–120 Ah/
m2(steel surface)

− remove power unit, cables, liquid, anodes, 
pond walls

− Remove concrete down to the required depth; 
NB for structural reasons, it may be necessary 
to do so in smaller parts of say one-fifth of the 
width of the abutment (OR take off  traffic and/
or provide temporary support)

− Clean newly exposed concrete surface
− Apply repair material and cure for 7 days or 

according to standards.

5.2 Case 2 – bridge cross beam

5.2.1 Background
This case concerns a bridge cross beam with wide-
spread corrosion induced spalling over more than 
half  the vertical surfaces of a cross beam support-
ing a bridge deck. Leakage of an overlying expan-
sion joint has exposed the concrete to chlorides 
from de-icing salts. Corrosion initiating chloride 
levels have penetrated behind the rebars, causing 
multiple corrosion pits and heavy spalling. The 
owner has identified a corrosion problem based on 
a technical inspection that observed large spalls; 
subsequently spalled areas have been removed in 
order to avoid pieces falling off  onto the traffic 
lanes below. Further development of corrosion 
and damage is to be expected in a few years, seri-
ously compromising the load bearing capacity. The 
affected area is 1 m high by 15 wide, see Figure 4. 
This case is based on a real case (in The Neth-

erlands) that was discovered and subsequently 
repaired in 2012/13.

5.2.2 Options, bridge cross beam
Options for protection and repair are:

− do nothing,
− cathodic protection (CP),
− electrochemical chloride extraction (ECE),
− conventional repair; and
− conventional repair+EAR.

Pros and cons are the same as for case 1, with 
additional factors; only those will be mentioned.

Doing nothing will likely compromise structural 
safety and road user safety and is not acceptable.

With CP, two layers of  shotcrete need to be 
applied (one filling excavations, the second to 
embed the anode). The total weight added is rela-
tively high, which requires structural recalcula-
tion. The system has a long life, but high initial 
cost plus considerable cost of  maintenance. As 
for case 1, the owner prefers only routine visual 
inspections.

ECE needs long treatment to be successful. The 
surface needs repair (20–30 mm shotcrete) before 
ECE can be applied. Consequently, the cost will 
be relatively high. The new shotcrete may be con-
taminated by chlorides extracted from deeper lay-
ers, which may compromise durability by back 
diffusion. As for case 1, when to stop the treatment 
presents uncertainties and the unavailability in the 
local market presents an economic risk.

For conventional repair, significant amounts of 
concrete need to be removed behind the rebars, i.e. 
in principle all chloride contaminated concrete; 
then the exposed rebars need to be completely 
cleaned of corrosion products and adhering chlo-
rides (the back of rebars will be hard to reach). 
Concrete removal needs to be done in parts for 
structural reasons (and probably additional sup-
port must be provided). Then, shotcrete is applied, 
filling up the cavities and providing new cover, up 
to 30–40 mm over the rebars. This technique fits 
in the routine concrete maintenance policy of the 
owner. However, the location amidst busy traf-
fic will put pressure on execution time and thus 
tends to reduce time for concrete removal and 
steel cleaning. As a result, it is likely that chloride 
contaminated concrete and corrosion products 
will be left. Thus, there is a significant probability 
that the repairs will fail within 5 to 10 years, cor-
rosion will reactivate and rebar diameter loss will 
continue. This may compromise structural safety 
and serviceability. New repairs will then be neces-
sary, potentially including the need to install new 
reinforcement, which will considerably increase the 
cost of the (next) intervention and include the need 
to stop traffic using the bridge for some time.

Figure 4. Case 2, sketch of bridge with support beam 
with areas with corrosion and spalling indicated.
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For repair with EAR, in principle the same 
amount of concrete needs to be removed as with 
conventional repair. However, the current appli-
cation will take away the aggressiveness from the 
corroding steel and its immediate vicinity. The life 
of the subsequent repair depends mainly on the 
mechanical properties of the repair/substrate inter-
face; it may be as long as 25 years. The successive 
steps are described in the following section.

5.2.3 EAR application, bridge cross beam
The following steps need to be taken with repair 
plus EAR. The surface area of the outer reinforce-
ment in the area to be treated must be known and 
the steel must be continuous.

Repair + EAR (Figure 5)

− Remove concrete down to the required depth; 
NB for structural reasons, it may be necessary 
to do so in smaller parts of say one-fifth of the 
length of the beam (OR take off  traffic and/or 
provide temporary support)

− Apply the EAR step
• Make 2 rebar connections on opposite ends of 

the beam, check for continuity
•  Fill cavities behind and around bars with elec-

trolyte paste (paper pulp, gel)
•  Install insulating strips across rebars
•  Install titanium mesh anode in anode zones of 

a few m2 typical size with cables at two oppo-
site ends of the mesh

•  apply second layer of sponge or paste
•  connect anode and cathode (rebar) cables to 

power unit

•  wet paste with liquid (saturated Ca(OH)2)
• switch on current, total current is about 75 A 

for 15 m2 of surface
• monitor current (as case 1)
• switch off  at a total charge of 40–120 Ah/m2 

(steel surface)
• remove power unit, cables, liquid, anodes, 

paste
− Clean new concrete surface
− Apply repair material and cure.

As an alternative, EAR can be applied before 
contaminated concrete is removed.

6 CONCLUDING REMARKS

It is proposed to apply a direct current to rebars 
in repair areas for a short period of time, which 
will remove chlorides from corrosion products 
including pits and from concrete adjacent to the 
rebar. This treatment, called Electro Active Repair 
(EAR), is an additional step to conventional repair. 
The authors expect that adding this treatment will 
increase the durability of repairs. For two hypo-
thetical cases, differing in orientation and amount 
of damage, it has been described how EAR can be 
applied in practice. Arguments have been give why 
other options are not attractive and EAR provides 
a better solution.
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ABSTRACT: The work reported in this paper is part of a wider research program intended to provide 
the repair industry with improved fundamental knowledge to implement rational design methods and rules 
for repairs. In that regard, there is a strong need to study the fundamental relationships and parameters 
that underlie the repair compatibility concepts, in particular those relating to dimensional compatibility. In 
the first part of the paper, classical formulas derived for thick cylindrical specimens were used to analyze 
the tensile stress buildup in annular restrained shrinkage test specimens, taking into account the restrain-
ing conditions of the investigated ring test method and the individual concrete properties/phenomena 
determined experimentally (elastic modulus, creep coefficient, drying shrinkage deformation). By com-
paring the ring test results with the calculated tensile stresses, the validity and accuracy of the theoretical 
approach could be appraised. A quantitative approach for the evaluation of the performance of concrete 
repair in terms of dimensional compatibility was then developed. Derived from the basic strain balance 
approach (ratio between the total deformability in tension and the drying shrinkage deformation), a param-
eter referred to as dimensional Compatibility Index (CI) was introduced in order to analyze the evolution 
of dimensional compatibility as a function of time for a given concrete mixture, taking into account the 
actual degree of restraint in the element. Compatibility Index evolution curves were calculated for various 
repair concrete mixtures in order to highlight material behavior relating to composition parameters and 
temperature. As it requires the evaluation of a limited number of individual properties that are for most 
readily available (i.e. strength, elastic modulus, shrinkage), the Compatibility Index expressed in terms of 
deformation carries a lot of potential as a relatively simple and convenient analytical tool for assessing the 
cracking sensitivity of concrete repair materials. Overall, it can be stated that a good correlation was found 
between the ring test results and the tensile stress values calculated based on individual concrete proper-
ties / phenomena and that the proposed calculation method lays ground for evaluating quantitatively the 
dimensional compatibility of repair materials and defining suitable performance criteria.

repairs is reduced in some circumstances to merely 
a “hit or miss” process.

The aim of concrete repairs is to prolong the 
useful service life of an existing structure, to restore 
its load-carrying capacity and stiffness, and/or to 
strengthen its members. A prerequisite to achieve 
adequate composite action is lasting bond between 
the existing substrate and the newly-cast material. 
In this respect, compatibility between the repair 
material and the existing concrete is of critical 

1 INTRODUCTION AND SCOPE

In the field of civil engineering, repair and reha-
bilitation have drawn significant attention in the 
recent years. Even though engineers have been 
repairing deteriorated structures for many years 
now, the rate of unsuccessful concrete repairs 
remains unacceptably high. Because of the lack of 
knowledge gained on the influence of certain fun-
damental parameters, the achievement of durable 
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importance. In fact, the level of compatibility will 
generally determine whether a repair project is a 
success or a failure, and whether or not a repaired 
structure is durable.

The importance of dimensional compatibility 
between existing concrete and repair materials has 
been addressed conceptually by various authors 
(Emberson & Mays, 1990; Plum, 1990; Pigeon & 
Saucier, 1990; Emmons & Vaysburd, 1993, 1995; 
Cusson, 1995; Morgan, 1996; Pigeon & Bissonnette, 
1999; Vaysburd et al., 2015). Experimental studies 
have then confirmed the significant role played by 
creep in the global dimensional balance and the risk 
for cracking, especially shrinkage-induced cracking 
(Morgan, 1996; Pigeon & Bissonnette, 1999; See 
et al., 2003). One of the most significant findings 
is that tensile creep appears to be more sensitive 
than shrinkage to certain mix design parameters 
(Pigeon & Bissonnette, 1999), which opens up the 
possibility of designing materials in view of opti-
mizing their creep to shrinkage ratio. Moreover, a 
correlation between tensile creep and shrinkage was 
observed, a trend that could be taken advantage of 
in both calculations and the identification of per-
formance criteria for repair materials.

One of the main challenges to be faced now lies in 
evaluating quantitatively compatibility and deter-
mining what it requires under given circumstances 
(characteristics of the structure to be repaired and 
the environment). So far, even though the concepts 
have been described in great detail by a number of 
authors, there are still no reliable criteria or design 
rules, fundamental or empirical, available to engi-
neers. Some interesting empirical approaches have 
been suggested, for instance the stress performance 
margin (Marosszeky, 1992), which consists of an 
index meant to compare the cracking sensitivity of 
various repair materials, or the USACE’s tentative 
Performance criteria for repair materials (Emmons 
et al., 1993), which summarizes the limit values a 
material should exhibit in selected test procedures 
for shrinkage and cracking. Those indices and 
criteria are certainly a step in the right direction, 
but they lack a fundamental basis, as they do not 
address explicitly compatibility.

Besides, for the compatibility approach to become 
accessible to the industry, simple and reliable char-
acterization tests are needed. Various test proce-
dures (ring test, beam curling test, box test) have been 
developed in recent years for the evaluation of the 
cracking sensitivity of repair materials (Morency 
et al., 2005). Some of those so-called performance 
tests could become key tools for the identification 
of performance criteria, provided that clear relation-
ships with both the basic material properties and the 
composite repair behavior are established.

Recently, laboratory and field studies have dem-
onstrated the potential and benefits of different 

innovative materials or products like shrinkage-
compensating concrete, self-consolidating con-
crete, and shrinkage-reducing admixtures. In order 
to perform successful repairs with such materials 
on a consistent basis (optimization and robustness 
of repair materials), it is needed to quantify their 
key compatibility properties and determine what 
is the sensitivity of those properties to the mixture 
composition and constituents.

2 OBJECTIVES AND PROPOSED 
APPROACH

The work reported in this paper is part of a wider 
research program intended to provide the repair 
industry with improved fundamental knowledge 
to implement rational design methods and rules 
for repairs. In that regard, there is a strong need 
to quantify and correlate the relevant aspects of 
dimensional compatibility in order to consistently 
achieve repair works that do not undergo harmful 
cracking and loss of bond with time. Ultimately, 
the objective is to provide the industry with per-
formance criteria and guidelines.

More specifically, this paper summarizes the 
work achieved to relate quantitatively the individ-
ual dimensional compatibility-related properties 
(notably elastic properties, creep, drying shrink-
age) to the corresponding stress and strain values 
recorded in an annular restrained shrinkage test, 
commonly referred to as the ring test. In the first 
part of the program, classical formulas derived for 
thick cylindrical specimens were used to analyze 
the tensile stress buildup in restrained shrinkage 
test specimens. A quantitative approach for the 
evaluation of concrete repair with a single dimen-
sional compatibility parameter, the compatibility 
index, was then developed. Compatibility index 
evolution curves were finally calculated for a range 
of repair concrete mixtures in order to validate the 
approach and highlight material behavior relating 
to composition parameters and temperature.

3 MECHANICAL ANALYSIS OF THE 
RING TEST EXPERIMENT

The dimensional balance inside a repair is governed 
by the volume changes and mechanical properties 
of the repair material, together with the level of 
restraint provided by the existing structure. Thus, 
in order to evaluate the restrained shrinkage crack-
ing sensitivity of materials, the analysis must take 
into account the combined effect of these proper-
ties and phenomena.

This complex task can be simplified by address-
ing the evolution of the stress state in a simple 
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restrained-shrinkage element such as that used in 
ring-type tests (Fig. 1). In this type of experiment, 
the tested material is cast around a rigid steel ring, 
which opposes the shrinkage deformations that 
occurs after setting and curing. The actual level of 
restraint provided by the steel ring depends on the 
respective geometrical and material stiffnesses of 
the two annular bodies (steel and concrete rings) in 
contact with each other. The internal stresses that 
develop in the system are determined by monitoring 
the deformations in the steel ring with strain gages.

On the basis of the theory of elasticity and a 
given geometry of the annular test device, it is pos-
sible to calculate the circumferential stresses devel-
oping in the annular concrete sample due to drying 
shrinkage restrained by the inner steel ring (Fig. 2). 
Classical formulas derived for thick cylindrical 
specimens were used to estimate the tensile stress 
buildup in restrained shrinkage test specimens, tak-
ing into account the individual concrete properties 
and phenomena determined experimentally (dry-
ing shrinkage deformation, creep coefficient, elas-
tic modulus), as well as the restraining conditions 
of the investigated ring test specimen. A similar 
approach has been proposed by Hossain & Weiss 
(2006). Although the principle of superposition of 
deformations is not rigorously valid in cement-based 
materials, mostly due to ageing effects, from a design 
standpoint, the accuracy of the quantitative evalua-
tion it provides is satisfactory enough from an repair 
design engineering standpoint, as demonstrated by 
its extensive use in handbooks and building codes.

While the actual deformation and stress gra-
dients across the thickness of the specimens are 
considered in the calculations, the analysis of the 
results is based on the average stresses. The evolu-
tion of the average shrinkage-induced stress (σc avg.) 
over time can be calculated with equation 1, where 

εfs is the concrete free shrinkage, Ec and Es are the 
elastic moduli of concrete and steel, φc is the creep 
coefficient of concrete, νc and νs are the Poisson’s 
ratios of concrete and steel, and a, b, and c, are the 
internal, interfacial and external radii of the com-
posite steel-concrete ring specimen.
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By comparing the ring test results with the cal-
culated tensile stresses, the validity and accuracy 
of the theoretical approach could be appraised.

Figure 3 shows ring test results obtained for an 
ordinary repair concrete (OPC), together with two 
self-compacting repair concrete mixtures produced 
with a slag-based ternary binder (SCC-ST) and a fly-
ash-based ternary binder (SCC-FT) respectively. On 
each diagram, the calculated theoretical stress evolu-
tion with and without stress relaxation (lower and 
upper solid red lines respectively) and the experimen-
tal stress recorded over time in the ring test (solid blue 
line) are presented together with the corresponding 
tensile strength evolution curve (black line).

The pink areas between the red lines on the 
graphs of Figure 3 correspond to the theoreti-
cal stress relaxation potential of the concrete. By 
comparing the shaded areas in the two diagrams 
( = area between the tensile strength curve and the 
lower red line), it can be concluded that the OPC 
and SCC-ST mixtures are much less sensitive to 
shrinkage cracking than the SCC-FT mixture. In 
fact, in diagram c), both the theoretical tensile 
stress (including relaxation) and the recorded stress 
curves reach or get close to the tensile strength 
curve quite rapidly, whereas in diagrams a) and b), 
the recorded stress remains much lower, coinciding 
more or less with the relaxed stress curves.

Overall, a good correlation was found between 
the ring test results and the tensile stress values 

Figure 1. Example of ring test specimen (ASTM C1581) 
to study the restrained-shrinkage behavior of mortar and 
concrete mixtures.

Figure 2. Basic analysis of the restrained shrinkage 
test specimen (mechanical equilibrium) and geometrical 
parameters.
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calculated based on individual concrete properties/
phenomena. The level of correlation was particu-
larly high when the test specimens (beams, rings) 
were partially sealed such as to obtain the same 
drying surface/volume ratio (S/V) in the vari-
ous experiments. Based on the collected data and 
observations, it can be asserted that the calculation 
method that was developed provides a good basis 
for analyzing quantitatively the dimensional com-
patibility of repair materials.

4 QuAnTITATIVE ASSESSMEnT OF 
dIMEnSIOnAl COMPATIBIlITy

The aforementioned mathematical formulas were 
further used to define a quantitative parameter 
for the evaluation of the performance of con-
crete repair in terms of dimensional compatibility. 
derived from the basic strain balance approach 
(ratio between the total deformability in tension 
and the drying shrinkage deformation), the dimen-
sional compatibility index (CI) was thus introduced 
in order to analyze the evolution of dimensional 
compatibility as a function of time for a given con-
crete mixture, taking into account the actual degree 
of restraint in the test specimen.

The dimensional compatibility index can be 
expressed in terms of deformation, thus allowing to 
relate explicitly to the various individual properties 
and phenomena involved in the material’s response 
in restrained shrinkage conditions (strength, elastic 
modulus, creep, drying shrinkage), as well as to the 
degree of restriction of the element. For the latter, 
constants are calculated, based upon the respec-
tive geometry and mechanical properties (Poisson’s 
ratio) of both the restraining device and the test 
specimen. The time-dependent expression takes 
the following general form, where ft is the concrete 
tensile strength, αr is the instantaneous elastic 
restraint, and α′r is the creep-dependent restraint:
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Figure 3. Comparative development of recorded and 
theoretical tensile stresses in AASHTO PP34 ring tests 
for a reference repair concrete (OPC) and two self-com-
pacting repair concrete mixtures (SCC-ST, SCC-FT) 
exposed to drying at 50% R.H. at the age of 3 days (note: 
solid blue line: stress recorded in the ring; lower and upper 
solid red lines: theoretical average concrete stress, with and 
without stress relaxation respectively; solid black line: ten-
sile strength of the concrete).

As it requires the evaluation of individual 
properties that for most are readily available (i.e. 
strength, elastic modulus, and drying shrinkage), 
the compatibility index carries much potential as a 
relatively simple and convenient analytical tool for 
assessing the cracking potential of concrete repair 
materials.
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The CI parameter can alternatively be expressed 
in terms of stress. The compatibility index is 
then calculated as the ratio between the sum of 
the tensile strength (ft) and total stress relaxation 
(Δσrelaxation) in given restraining conditions, and the 
averaged elastic stress (σelastic) induced by restrained 
drying shrinkage.

5 EXAMPLES OF MATERIAL 
TENDENCIES REVEALED WITH THE 
COMPATIBILITY INDEX

The CI evolution allows to assessing whether the 
concrete can withstand shrinkage-induced crack-
ing over time, taking into account the various phe-
nomena involved and their complex interaction. 
Compatibility index evolution curves were calcu-
lated for different repair concrete mixtures in order 
to highlight characteristic material behavior relat-
ing to specific composition parameters and tem-
perature (Modjabi-Sangnier, 2010).

The diagram presented in Figure 4 shows the 
evolution of this index for the same three concrete 
mixtures tested in the ring experiments (Fig. 3). 
Typically high at early age, the CI value is observed 
to decrease gradually with the ageing process, with 
quite steep decreasing rates in the first few days. 
During the drying period considered (0 to 28d), the 
CI values of the shrinkage-compensating (SCC) 
mixture produced with a slag-based ternary binder 
and the reference ordinary concrete (OPC) mixture 
are significantly higher than those determined for 
the fly-ash-based SCC mixture, especially in the 
first two weeks of drying. In other words, the two 
former mixtures seem to exhibit much more early-
age dimensional compatibility than the SCC-TF 
repair mixture. The ring tests stress development 
curves on the diagrams of Figure 3 reveals show 
good agreement with the trends revealed by the CI 
curves. As a matter of fact, the rapid increase in 
tensile stress recorded for the SCC-TF rings is con-
sistent with the much steeper decreasing rate of the 
CI value observed in Figure 4.

As already indicated, the CI curves can be used 
to compare the compatibility of different concrete 
mixtures and to identify specific material tenden-
cies. In a recent investigation by Modjabi-Sangnier 
(2010), the comparison of results for a range of 
repair mixtures and curing conditions has shown 
that dimensional compatibility is very sensitive to 
certain composition variables and to temperature 
in the early stages of hydration. For instance, test 
results generated in this study remarkably show 
that a given binder/plasticizer agent combination 
can yield quite different conclusions depending 
on the curing temperatures. While some combina-
tions exhibit more interesting characteristics at low 

curing temperatures with respect to compatibility 
and the cracking risk, others show exactly the 
opposite, as shown on the graph of Figure 5.

Based upon comprehensive experimental work 
by Modjabi-Sangnier (2010), it can be concluded 
that the composition parameters and the ther-
mal conditions during the setting and hardening 
period may influence the susceptibility to cracking 
of a cementitious material undergoing restrained 
shrinkage and thereby need to be taken into 
account in the identification of performance crite-
ria for dimensional compatibility.

Further investigations will address the identi-
fication of performance criteria, based on the CI 
approach, as well as the possibility to extract all 
the relevant information with a limited amount 
of tests (e.g. mechanical properties, length change 
and ring tests).

6 CONCLUSION

The proposed compatibility index appears as 
a quite promising analytical tool for predicting 
the performance of repair materials in terms of 
shrinkage-cracking resistance. Compatibility index 
data were determined for a range of repair mate-
rials and confronted with ring test results. The 
comparison showed good correlation, the mixture 
classification determined on the basis of compat-
ibility index calculations being consistent with 
the classification based on the shrinkage-induced 
stresses recorded experimentally.

The compatibility index provides a sound basis 
for the identification of dimensional compatibil-
ity criteria. Such performance criteria are much 
awaited in the repair industry, to assist both the 
development of crack-resistant materials and the 
issuance of improved materials specifications.
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Figure 4. Evolution of the compatibility index (CI 
value) with time for a reference repair concrete (OPC) 
and two self-compacting repair concrete mixtures pre-
pared with a slag-based ternary cement (SCC-ST) and a 
fly ash-based ternary binder (SCC-FT), exposed to dry-
ing at 50% R.H. at the age of 3 days.

Figure 5. Evolution of the compatibility index (CI 
value) with time for a self-compacting repair concrete 
mixtures prepared with a slag-based ternary cement 
(SCC-ST) and, exposed to drying at 50% R.H. at differ-
ent temperatures, starting from the age of 3 days.
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ABSTRACT: The durability of repaired concrete structures and their useful service life depend on 
many factors. One of the critical factors is the achievement of compatibility in such a composite system. 
As a prerequisite for meeting the repair service life objectives, the compatibility/incompatibility issues 
should be analyzed and adequately addresses at the design stage of the project. Despite the number of 
publications on durability and service life of repaired concrete structures, fundamental discussion and 
guidance on compatibility issues are lacking. The opinions and recommendations issued on the subject 
are in some cases confusing, misleading or incorrect, regrettably leading to fallacies about compatibility 
in the practicing community. This paper is an attempt to raise and discuss some critical issues concerning 
the compatibility of concrete repair composite systems. Ambiguities and misconceptions in the current 
understanding of fundamental compatibility considerations in concrete repairs (dimensional compatibil-
ity, electrochemical compatibility and permeability compatibility) are addressed. The authors share their 
random thoughts on what we know, what we do not know, what we need to know.

engineers, researchers and other specialists, who 
maybe find compatibility too mundane to study 
and address adequately. A search for the word 
“compatibility” in textbooks and concrete repair 
publications ordinarily draws black.

We all understand the negative results of incom-
patibility on repair performance. But knowing the 
results without clear understanding of the funda-
mental causes is no more satisfactory than postula-
tion without verification. Seeking answers without 
the wherewithal to find them is equally frustrating.

The purpose of this paper is in no ways intended 
only to criticize the “conventional wisdom”. The 
authors fully realize that a good musician is far 
superior to the best music critic.

The paper is an attempt to discuss some criti-
cal issues concerning the compatibility in concrete 
repair composite systems. The following ambigui-
ties in the current understanding or misunderstand-
ing of compatibility issues in concrete repair are 
discussed: dimensional compatibility, electrochem-
ical compatibility and permeability compatibility.

1 INTRODUCTION

Considerable progress in knowledge of the engineer-
ing aspects of concrete repair technology has been 
achieved during the last twenty-five years. Neverthe-
less, we are still facing instances of repair structures 
gross deficiencies and inability in too many cases to 
meet the objectives of the designed service life.

The issue of compatibility in engineered repair 
composite systems is usually being ignored or mis-
interpreted by design engineers. The main reason is 
the lack of knowledge in this critical area, mislead-
ing guidance, and overall confusion among prac-
ticing engineers.

It is somehow astonishing to the authors, con-
sidering the significance of the problem and the 
thousands of studies on durability and service life 
of repaired structures that have been reported, that 
more questions than answers on compatibility sub-
ject still remain.

Certainly one reason is the lack of interest in the 
subject on the part of many concrete technologists, 
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Authors share their random thoughts on that 
we know, what we think we know, what we do not 
know, what we need to know and why.

2 CONCEPT OF COMPATIBILITY

The Webster’s Dictionary provides the follow-
ing definition of “compatibility” in general: “the 
capacity of two or more entities to combine or 
remain together without undesirable after effects: 
mutual tolerance.”

Compatibility in repair systems is defined as the 
balance of physical, chemical and electrochemical 
properties and volume changes between the repair 
and existing substrate, which ensures that the 
composite repair system withstands the stresses 
induced by all loads, chemical effects, electrochem-
ical effects and restrained volume changes without 
distress and deterioration over a designed period 
of time. Compatibility factors to be addressed in 
concrete repair are shown in Figure 1.

3 DIMENSIONAL COMPATIBILITY

One of the most important compatibility require-
ments is dimensional (deformational) compatibil-
ity. Hewlett (1993) defined the phenomenon of 
dimensional compatibility as “stable interfacial 
coexistence”. Achieving dimensional compatibility 
in a composite repair system is a task of appropri-
ate material selection and system behavior vis-a-vis 
getting along well together (Vaysburd, 2006).

The essence of dimensional compatibility can 
be formulated as follows:

• Drying shrinkage of the repair material relative 
to the substrate;

• Thermal expansion or contraction differences 
between repair and substrate materials;

• Differences in modulus of elasticity, which may 
cause unequal load sharing and strains resulting 
in interface stresses;

• Differences in creep;
• Relative fatigue performance of the phases in 

composite repair system.

The listed differences may result in initial ten-
sile stresses that either cause cracking of the repair 
material or debonding at the repair substrate 
interface (the transition zone). Both of these will 
negatively affect the durability and load-carrying 
capacity of the repaired structure.

In the course of the discussion concerning com-
patibility, it is necessary to mention that some 
concrete repair “prophets” proclaimed that only 
repairing “like with like” can offer a durable solu-
tion and that the repair material to be compatible 
with existing concrete should have “composition 
and properties similar to the substrate concrete” 
(Vaysburd, 2006).

Many repairs to concrete structures are necessi-
tated by inadequate quality of concrete leading to 
extensive shrinkage cracking, alkali-silica reaction, 
sulfate attack, etc. To follow the “like with like” 
recommendations, one has to use similar “junk” 
as repair material. Design engineer faced with 
such misleading interpretation of “dimensional 
compatibility” may specify repair materials with 
properties as close to those of the existing sub-
strate concrete as possible. This is not only illogi-
cal, but harmful. The temptation to seek parity of 
properties, to avoid property mismatches between 
repair material and substrate is intuitively strong, 
but it definitely contradicts the general definition 
of compatibility and the definition of compatibil-
ity in concrete repair. It must be recognized that in 
some instances, it is desirable to select gross dispar-
ity of repair material properties.

The lack of understanding of the nature of 
“dimensional compatibility” in particular is the 
source of many failures in practice. Besides, the 
mistaken search for “parity” or “like with like” will 
often exclude from specifications groups of mate-
rials that are very useful and even necessary for 
certain applications, such as polymer mortars and 
concretes. The authors wish to emphasize the need 
for a clear appreciation of dimensional compat-
ibility in concrete repair and appreciation in this 
context of those material properties that may well 
provide the key to successful and durable use of 
polymer-based materials for concrete repair.

An integral part of this appreciation is the 
assessment of the likely consequences of any “mis-
match” of properties e.g. thermal coefficient of 
expansion, modulus of elasticity and creep, etc. 
For many applications, the repair success depends 
on recognizing and overcoming a potentially 

Figure 1. Compatibility factors in concrete repair 
(adapted from Vaysburd and Emmons, 2006).
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destructive mismatch, either by use of appropri-
ate polymer type of by application procedures. A 
point which is completely overlooked is that the 
apparent mismatch due to the viscoelastic nature 
of polymers can in fact result in beneficial stress 
relaxation due to the high creep that may help in 
preventing a potentially destructive stress buildup, 
which may occur due to shrinkage and tempera-
ture cycling during service.

During service life, incompatibilities in the form 
of dissimilar strength and moduli of elasticity 
between repair and substrate concrete can create 
difficulties, while drying shrinkage of repair mate-
rials may reduce longer-term structural efficiency 
by either inducing high tensile strains in the repair, 
or due to cracking that may reach the repair/sub-
strate interface. Also, creep of the repair material 
under sustained stress may render the load-sharing 
capacity of the repair less effective with time.

The goal of the repair designer must be to engi-
neer the composite repair system in such a way that 
the inevitable property mismatches will not lead to 
failure before the service life objectives are met.

It is important to emphasize that property mis-
matches between the substrate and the repair mate-
rial is to some extent unavoidable.

Variability exists in properties of existing con-
crete, repair materials and internal and exterior 
environments. Occasionally, these different sources 
of variability cancel each other, but generally, as a 
rule, they are more likely to be cumulative. There 
is no way to avoid variability—nature abhors iden-
tities, variation being the rule—there is no such 
thing as uniformity in the physical world.

4 ELECTROCHEMICAL COMPATIBILITY

It is widely accepted that the driving force for the 
phenomenon of corrosion in repair systems is 
generally attributed to the electrochemical incom-
patibility between the repair and substrate. The 
electrochemical incompatibility is defined as the 
imbalance in electrochemical potential between dif-
ferent locations of the reinforcing steel because of 
their dissimilar environments caused by a repair (Gu 
et al., 1997). The dissimilar environments can be 
due to the differences in physical properties, chem-
istry and internal environments. A holistic model of 
concrete repair failure is presented in Figure 2.

To provide adequate resistance to aggressive 
actions, it is necessary to foresee how a given 
repaired structure will deteriorate. This in turn 
helps show how such deterioration is prevented or, 
more realistically, how to ensure a sufficiently slow 
deterioration process.

In other words, the aggressiveness of the exist-
ing internal (i.e. inside the structure) and exterior 

environments, their interaction and the possible 
changes caused by the repair should be given com-
prehensive consideration at the design stage. Such 
analysis is necessary in order to achieve electrochem-
ical compatibility and fulfill the required durability 
and structural safety of ageing infrastructure.

Of the durability/service life problems of con-
crete repair, the most important but least known 
are the issues related to electrochemical compat-
ibility. The authors recognize that precise analysis 
of electrochemical compatibility is very difficult, if  
not impossible. The difficulties are mainly due to 
three factors:

1. The existing structure has its unique internal 
environment caused by ageing, weathering, and 
chemical/electrochemical changes and activi-
ties, which necessitated the repair. As previously 
mentioned in this article, the existing concrete 
substrates are different from each other in age, 
quality, and service exposure.

2. The application of a repair alters the internal 
environment. The exterior environment depends 
largely on the structure’s geographical location 
(e.g. temperature, relative humidity, rainfall lev-
els and soil types) and the human activity nearby 

Figure 2. Holistic model of concrete repair failure 
(Vaysburd, 2006).
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(e.g. prevailing winds and industrial—or traffic-
generated pollution). The internal environment 
exists within the structure and, in addition, is 
created by the engineered repair design.

3. In repair systems, the internal environment is a 
moving target, constantly changing due to the 
existence of the internal transport mechanism 
(in addition to the exterior transport described 
earlier). Water with dissolved salts may be put 
into movement by temperature and/or pres-
sure gradients. Dissolved substances can also 
travel by diffusion in water-saturated concrete 
with a stagnant water phase, provided that there 
is a concentration gradient. Finally, ions will 
migrate in an electric field, providing electrical 
conductivity in a repair system.

The major problem with many repaired concrete 
structures is continuation (or even acceleration) of 
reinforcing steel corrosion. When reinforced con-
crete is repaired, some of the chloride-contami-
nated concrete may be left in place, which results 
in the repair material having a different moisture, 
oxygen, and chloride content than the surrounding 
concrete. Strong corrosion cells may be established, 
resulting in spalling of the repair itself  or of the 
surrounding area, a phenomenon often referred to 
as the “halo” or “ring” effect.

There is a direct link between durability and 
electrochemical compatibility. With a complex 
composite system such as a concrete repair, the 
interaction between aggressive exterior and inter-
nal environments becomes a major factor in pro-
gressively cumulative damage.

The combined effects of the several critical 
diverse environments along the electrically con-
tinuous rebar (in addition to stress field gradients) 
significantly add to the complexity of the problem. 
The influence of the repair phase on the existing 
surrounding material, the change in chemical com-
position, the distribution of aggressive agents, the 
presence of oxygen, moisture and admixtures, and 
other factors related to the repair’s electrochemical 
properties can in fact all be critical.

Unless the repair project provides for “glo-
bal” cathodic protection, the risk of corrosion is 
omnipresent. Therefore, performing a repair that 
will last successfully without problems for 10 to 
15 years is not an easy task to achieve. The design 
engineer must be realistic and honest when setting 
out project objectives.

A successful repair project is not permanent; 
rather it is when the “defeat” occurs after the design 
objectives have been reached. These objectives 
should be based on rational engineering compat-
ibility analysis, knowledge from observations and 
through trial and error. In the words of famous 
mathematician Jacob Bronowski (Bronowski, 

1956), “a good prediction is one which defines its 
area of uncertainty; a bad prediction ignores it.”

Among various factors affecting compatibility 
in concrete repair composite systems, the electro-
chemical compatibility is the most complex and 
critical factor for adequate performance of concrete 
repair jobs. It is difficult to predict how a repair will 
affect the electrochemical activity within a concrete 
structure, because it is a function of a variety of 
parameters such as the nature of repair materi-
als, the condition of the substrate, the change in 
potentials, the exterior and internal (inside the sys-
tem) environments and their interaction, and mass 
transport processes. The risk of corrosion and 
even its acceleration due to electrochemical incom-
patibility between the “old” and “new” portions of 
the repair system is virtually always present unless 
cathodic protection is implemented.

Unfortunately we still do not know enough 
today how to address reliably the issue of electro-
chemical compatibility and therefore to predict the 
future service life of a repaired concrete structure. 
Vaysburd et al. (2012) stated, “(…) beware of the 
‘experts’ who come up with and exact number of 
future service life of the repaired structure. After all, 
we are still subject to the mathematical and scientific 
laws of probability.” The design engineers have to 
do their best in “durability planning” stage of the 
project, including electrochemical compatibility 
and related future service life.”

5 PERMEABILITY COMPATIBILITY

Permeability of repair materials is one of the prop-
erties of importance in achieving compatibility 
and durability in repair projects. The majority of 
repair publications strongly recommend using low 
permeability materials in repair situations. If  the 
use of low permeability concrete in new construc-
tion is a key to achieving durability, this rule does 
not necessarily apply to concrete repairs, where the 
situation is more complex. Unfortunately, in the 
case of repairs there is no “rule of thumb”. There 
are “horses for courses”, each situation is differ-
ent and requires to being accurately analyzed and 
addressed.

The use of low permeability repair materials 
regardless of repair specifics can lead to unsuit-
able choices, incompatibility problems and even-
tual repair failures. Durability of the repair can 
be negatively affected in many situations when 
repair and substrate have different, incompatible 
permeability.

This concept may, in some cases, lead to a false 
sense of security and unsuitable materials inca-
pable of providing lasting performance can be 
specified. Engineering analysis and judgment is 
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needed on defining what degree of permeability of 
repair materials shall be recommended for differ-
ent repair situations. Most likely, there is no single 
recommendation as to whether materials with very 
low permeability or materials having compatible 
permeability with the existing concrete, are more 
effective. It depends, in the authors’ view, on par-
ticular transport mechanism in the repair system. 
Transport of substances through and in the repair 
systems is a very complex process, consisting of a 
combination of liquid flow through macrocrack-
ing and microcracking systems, capillary transport, 
diffusion and osmotic effects. The exact contribu-
tion of each process needs to be quantified in each 
particular situation. The effects of such variables 
as location of the repair in the structure, chemi-
cal environment in the composite repair system, 
amount and distribution of cracks in both mate-
rials (substrate and repair), temperature, moisture 
and stresses need to be considered.

Even when incompatible permeabilities between 
repair material and substrate are justified, it must 
be acknowledged that a few “through” cracks in 
repair can drastically offset the benefit of a low per-
meability repair material. Microcracks in substrate 
and repair with wider cracks in both repair phases 
will play a much greater role in reducing durability 
than the permeability of the repair itself. Cracking 
is one of the most critical factors in the overall per-
meability and durability of repaired structures.

6 CONCLUSION

1. The phases in concrete repair composite system 
must be compatible to meet the design service 
life objectives. Rational compatibility analysis 
must be undertaken prior to detailed design to 
ensure the highest likelihood of success.

2. At the present time, there is still no reliable 
accepted design methodology addressing the 
compatibility issues and providing guidance to 
the practicing engineer towards achieving suc-
cessful repair project.

3. Among the various factors affecting compat-
ibility in concrete repair, the electrochemical 
compatibility is the most complex and critical 
factor for adequate performance of concrete 
repair projects. The risk of corrosion developing 
or even accelerating due to electrical incompat-
ibility between the “old” and “new” phases of 
the system is almost inevitable unless cathodic 
protection is implemented.

4. Better understanding of compatibility/incom-
patibility issues in concrete repair composite 
systems will allow the repair professionals to 
“silt the grain from the husk” in the design of 
concrete repair projects.
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ABSTRACT: Extending the life of the existing structures is the base of the sustainable design. The 
reinforced concrete slabs are usually subjected directly to different actions and overloading and very often 
are seriously damaged.

The reinforced concrete and the steel jackets are one of the most popular techniques in the retrofitting 
practice for reinforced concrete slabs. The quality of the load transfer and the behavior of the strength-
ened slabs are related to the type of the interface mechanisms: mechanical interlocking and adhesive 
bonding, friction, dowel action of reinforcement and/or connectors crossing the interface. The choice of 
interaction mechanisms depends on the type of the member and of the type of loading. 

Based on different numerical models, the influence of the type of the interface mechanisms on the 
behavior of the slabs is presented. 

Finally, some general conclusions for the effectiveness of the techniques for connection and their con-
tribution on the load bearing capacity and the deflections of the strengthened slabs are given.

several research projects since the 60´s. As a con-
sequence, there is a large number of design expres-
sions nowadays, which are included in several 
standards and documents. These equations, which 
assess the behavior and/or resistance characteris-
tics through the use of variable parameters, were 
calibrated in order to obtain design values similar 
to those from empiric tests.

From the several analyzed studies (for exam-
ple Bruno Baleia Casal) and from its evolution 
in recent years, one may conclude that the shear 
resistance in the interface of  concrete layers with 
different ages is indeed a phenomenon where 
many simultaneous effects may be identified. 
Similar are the problems with interface concrete 
to steel.

2 SUMMARY AND ANALYSIS OF THE 
MAIN INTERFACE MECHANISMS

The combination of these mechanisms is complex 
and varies with the various intervention factors. 
The most important factors for the shear trans-
fer mechanisms (concrete to concrete; concrete to 
steel) can be summarized in the following:

1 INTRODUCTION

The reinforced concrete and steel jackets are one of the 
most popular techniques for retrofitting of existing 
reinforced concrete slabs. The connections between 
concrete layers with different ages and between the 
existing reinforced concrete and new steel elements 
and the solution of these connections are decisive for 
the behavior of the strengthened slabs.

According Model Code 2010 the main param-
eters for the load bearing capacity in the case of 
concrete-to-concrete load transfer are: interface 
roughness, cleanliness of surface, concrete strength 
and concrete quality, inclination of the shear 
forces, bond conditions, ratio of reinforcement, 
crossing the interface. Concrete to steel interfaces 
according Model Code 2010 play a governing role 
with regard to the design of strengthening with 
steel sheeting and profiles for different reinforced 
concrete elements. Interaction between concrete 
and steel components can be classified as follows: 
adhesion between two materials, frictional inter-
lock, mechanical interlock and dowel action pro-
vided by anchor devices and systems.

This subject has been continuously studied 
over time, a justifiable attention that has provided 
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2.1 Interface roughness

The interface roughness has a determinant role for 
realization of  shear mechanism. There are several 
methods to measure and specify the roughness of 
a concrete surface. The sand patch method, based 
on a quantitative approach, is certainly one of 
the best known. This method consists of  pour-
ing a defined volume of  fine sand on the contact 
surface. Then, the subsequent measurement of 
the covered area diameter permits the roughness 
calculation. The advantage of  this method is the 
simplicity and quickness. Nevertheless, recent 
advanced methods have been developed, in which 
some innovative processes to measure roughness 
are presented. Their increased complexity requires 
laboratory investigations—contact methods 
(mechanical contact profilometer) and non-con-
tact methods (laser triangulation, photogrametry-
digital imaging).

Finally for the design purposes, the surface 
roughness has to be classified into different cate-
gories depending on the roughness Rt Model Code 
2010.

Regarding the surface treatment, there are sev-
eral techniques to assign roughness to an interface: 
a surface prepared with a steel brush, a surface 
treated with sandblasting and a partially chipped 
surface. According to the pull-off  and shear tests, 
the conclusion is that the more efficient technique 
is the treatment with sandblasting, followed by the 
treatment with a steel brush, the chipped surface 
and the casting without treatment, respectively in 
descending order of efficiency.

2.2 Adhesive bonding and mechanical interlocking

The shear strength by adhesion and mechanical 
interlocking can significantly contribute to the 
overall shear resistance. The appropriate rough-
ness, the clean surface and the grade and the 
quality of concrete, which are usually parameters 
considered in shear stress calculation, are the main 
connection influencers. The adhesive bonding and 
the mechanical interlocking are sensitive to any 
contamination of the surface.

2.3 Dowel action

Dowel action refers to the bending resistance of 
connectors crossing the interface. A shear slip 
along the interface leads to a lateral displacement 
between upper and lower connector ends, thereby 
inducing bending stresses in these bars. These 
stresses are superimposed by axial tensile forces 
due to the openings of the joint. The interaction 
of tensile forces and bending leads to a reduction 
of the maximum possible dowel action.

2.4 Shear friction

The friction force is a function of the normal force 
across the joint, depending of the roughness of the 
interface. To analyze and quantify this mechanism, 
it’s possible to use the shear friction model, origi-
nal developed by Birkeland and Birkeland or the 
aggregate interlock model, developed by Walraven 
and Reinhardt.

2.5 Bond of metal sheeting

The use of metal sheeting is a common solution 
for strengthening. The interaction between the 
concrete and the steel element has a strong influ-
ence on the overall behavior of the slab. Usually 
the mechanical connecting devices are recom-
mended to prevent the relative sleep between the 
two components.

2.6 Mechanical interlock

For strengthening post-installed devices into 
drilled holes are usually applied. The following 
mechanisms can be activated: friction, mechanical 
interlock, bond, dowel action.

2.7 Final considerations

The shear mechanism can be described as a combi-
nation of various effects:

− The adhesion is the first mechanism to be devel-
oped. The maximum shear strength is achieved 
at reduced values of slip.

− The contribution of each mechanism (adhesion 
and friction) depends mainly on the amount of 
transversal reinforcement.

− With the increase of slip, the reinforcement bars 
will be also subjected to bending. Thus, the con-
tribution of dowel action will take place.

− The interaction of friction and dowel action 
depends essentially on the interface roughness, 
the expected slip and the anchorage of the rein-
forcement. Friction will prevail if  a roughened 
surface and a good reinforcement anchorage is 
provided.

3 NUMERICAL EXAMPLE

3.1 Parameters of the task

The case study in the numerical example is a real 
design situation and represents a reinforced con-
crete one—way spanning continuous beam slab. 
The thickness of the slab is 10 cm. The existing 
reinforcement is according Figure 1. New imposed 
load is provided with value 10 kN/m2. Two design 
solutions for strengthening are presented: with an 
additional concrete layer and with steel sheeting.
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In Figure 1 the following symbols are used: 
“K”- column; “Γp.” – beam; “PA”- distribution 
reinforcement.

The investigation is addressed to the following 
parameters:

− in case of design solution with additional con-
crete layer—interface roughness characteristics, 
arrangement of connectors and the reinforce-
ment ratio crossing the interface;

− in case of design solution with steel sheeting - 
number (spacing) and type of anchors, interface 
between the existing reinforced concrete surface 
and the new steel sheeting.

3.2 Modeling

The numerical analysis is performed using the 
program SAP2000 based on the Finite Ele-
ment Method. All models are developed in 

linear-elastic formulation of the problem.
In the case of design solution with additional 
concrete layer the slab is modeled by multi-layer 
shell elements. The beams are modeled by linear 
(frame) finite elements positioned in their geomet-
ric center.

Several numerical models are developed to 
obtain the most reliable identification of actual 
behavior and bearing capacity of the strength-
ened slab. They are focused on the joint work of 
the different concrete layers and the most adequate 
reflection concrete-to-concrete connection.

In the case of design solution with the steel 
sheeting the slab is modeled by shell (area) ele-
ments. The beams are modeled by linear (frame) 

Figure 1. Existing reinforced concrete slab.

Figure 2. Bearing capacity for bending moments.

Figure 3. Solution with additional concrete layer.

Figure 4. Solution with steel sheeting.

Figure 5. Solution with additional concrete layer – 3D 
model.
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finite elements positioned in their geometric center. 
The steel sheeting is modelled by shell elements 
positioned in geometric level of this strengthening. 
The connection concrete-to-steel is with anchors 
modeled in the example with stiff  elements.

4 CONCLUSIONS

The analysis of the final results can be summarized 
in the following main conclusions:

− The amount of reinforcement bars that crosses 
the interface as well as the roughness of the inter-
face are the two parameters of main importance 
of the shearing mechanism. The shear strength 
increases accordingly to the increase of the steel 
ratio and the roughness.

− During the reinforcement design it is important 
to evaluate the evolution of the building con-
struction process and the load actions.

− When strengthening with additional concrete 
layer, it’s very important to carry out a global 
solution for the slab and the beams. Increasing 

only the stiffness of the slab has unfavorable 
effect on the deflections.

− The variations of the thickness of the interface 
layer, in the case of additional concrete layer, 
show an insignificant influence on the numerical 
results.

− Increasing the stiffness of the interface layer 
between the existing and the new concrete layer, 
leads to a serious reduction of the deflections in 
the strengthened slab.

− Strengthening with steel sheeting (regardless 
of the changes in the different parameters) has 
no special contribution to the deflection of the 
slab and the final deflections are very similar to 
the deflections before the strengthening. These 
results are expected in view of the fact that the 
proposed model is not enough accurate for the 
real process of deformation.

− The solution with steel sheeting is more sensitive 
for the bending moments.

− The position and the number of anchors for the 
steel sheeting have significant influence on bear-
ing capacity for the bending moments of the 
strengthened slab.

− Finally the proposed results and conclusions 
require a validation with real experimental 
results. The experiments will give an additional 
opportunity to find more precise values of the 
different parameters.
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ABSTRACT: Before being translated in terms of physical, mechanical and chemical of materials, the 
initial step for evaluating compatibility is interface creation. The thermodynamic properties of the materi-
als as well as transport mechanisms—diffusion, capillary succion—at the interface and roughness of the 
concrete substrate are acting from the beginning and influencing the durability of the bond strength. A 
review of the main parameters influencing bond development is presented on the base of the equilibrium 
of the surface free energies of liquid and solid, applied to the concept of repair mortars, coating and 
hydrophobic treatments..

this explains why free energy exists and why there is 
a surface free energy (Zisman et al. 1950).

Before being translated in terms of physical, 
mechanical and chemical of materials, the initial 
step for evaluating compatibility is interface crea-
tion. The thermodynamic properties of the mate-
rials as well as transport mechanisms—diffusion, 
capillary succion—at the interface and roughness 
of the concrete substrate are acting from the begin-
ning and influencing the durability of the bond 
strength.

2 NEAR TO SURFACE CHARACTERISTICS

2.1 Principles of adhesion

The concept of adhesion has firstly to be clearly 
defined because of the “duality” of the term: 
“on one hand, adhesion is understood as a process 
through which two bodies are brought together and 
attached—bonded—to each other, in such a way 
that external force or thermal motion is required to 
break the bond. On the other hand, we can examine 
the process of breaking a bond between bodies that 
are already in contact. In this case, as a quantitative 
measure of the intensity of adhesion, we can take 
the force or the energy necessary to separate the two 
bodies” (Kinloch 1987).

Adhesion has therefore two different aspects, 
according to whether our interest is mainly (1) in 
the conditions and the kinetics of contact or (2) 

1 INTRODUCTION

Repair works quality is depending on a lot of fac-
tors dealing with properties of the repair materials, 
the surface preparation of the substrate, the envi-
ronment and the worker’s qualification.

First of all however, it is important to verify the 
physico-chemical compatibility of concrete sub-
strate and repair materials.

Surface analysis, in conjunction with surface 
science and applied science is a major activity 
contributing to the knowledge of interfacial phe-
nomenons and, more generally, to our daily well-
being through improvements in health, consumer 
products, environment, … (Kinloch 1987).

But we have to define exactly what we mean 
through “surface analysis”. In its simplest sense, 
we require analysis of the elemental composition 
of the outermost atom layer of a solid. Having 
defined that, the next request will be for detailed 
knowledge of the chemical binding state, precise 
sites of atoms in relation to crystal structure, sur-
face homogeneity and the state of absorbates.

Surface free energy (Hawkins et al. 1930) is a 
direct measurement of intermolecular forces. The 
free energy in surface layer is the result of the 
attraction of the bulk material for the surface layer 
and this attraction tends to reduce the number 
of molecules in the surface region resulting in an 
increase of intermolecular distance. This increase 
requires work to be done and returns work to the 
system upon a return to a normal configuration: 
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in the separation process. The intensity of adhe-
sion will depend not only on the energy that is used 
to create the contact, but also on the interaction 
existing in the interface zone. Generally speaking, 
mechanism of adhesion has to be considered from 
two origins: specific adhesion and mechanical 
interlocking (Courard 2000).

When the materials are in contact, the effective 
area, that means the surface where contact really 
exists, will be a fundamental parameter to be taken 
into account to explain the adhesion process. This 
is the result of the wetting procedure of the solid 
body by the liquid phase. The wetting procedure 
can be explained as follows: the surface energies 
of the solid and the liquid interact each other and 
a change of the energy conditions occurs due to 
surface decrease of liquid/vapour and solid/vapour 
interfaces while a new interface (liquid/solid) is 
created (Dann 1970). At this point of view, contact 
angle is an interesting representation of this phe-
nomenon: the lower is the contact angle, the better 
is the spreading on the surface and the more effec-
tive will be the inter-molecular interactions at the 
interface (Kamusewitz et al. 1985).

The investigation concerning the behaviour of 
the interface between repair systems and concrete 
substrate have shown that quality of concrete sub-
strate is important factor affecting adhesion in 
repair system and has to be evaluated prior to repair. 
Knowledge about synergetic effects of parameters 
characterizing surface quality (surface roughness, 
microcracking, wettability) is fundamental for con-
crete repair compatibility (Courard 2002).

2.2 Microstructure of the substrate

The physical properties are fundamental for the 
knowledge of the interactions at the interface. A 
lot of notions may be defined such as opened and 
accessible porosity, relative impregnation ratio or 
water absorption. Capillary action test seems to be 
very accurate to describe the behaviour of the con-
crete “skin” in contact with the new layer (Courard 
1999) and its ability to anchor the repair material in 

the superficial porosity of the substrate. By means 
of Mercury Intrusion Porosimetry, it is possible 
to define the concrete skeleton and estimate the 
specific surface, the porous volume and the mean 
radiuourard 2005). But the most interesting infor-
mation is the porous volume as a function of the 
diameter; it will be so possible to evaluate theoreti-
cally the maximum quantity of liquid each type of 
pore will be able to absorb (Courard et al. 2003a). 
Based on the law of Washburn the calculation 
imposes to take into account the presence of the 
Interfacial Transition Zone (I.T.Z.) in order to be 
able to correlate theory and experimental observa-
tions. The microscopical observations may be use-
ful to determine ITZ values. These investigations 
will allow to calculate a coefficient of capillarity, 
that will take into account properties like connec-
tivity, accessibility of the pores, tortuosity, …

On the other hand, the nature and the concen-
tration of the binder as well as the conditions of 
setting reaction are important for microscopical 
interpenetration: the first phenomenon observed 
when the new layer is laid down on the concrete 
substrate is the wetting of the solid surface by 
the liquid. The wetting is depending on two main 
aspects (Comyn 1992): thermodynamic (there is 
wetting) and kinetic (wetting has to happen as 
quick as possible). The kinetic aspect is physically 
based on the Washburn’s law and is given by Equa-
tion 1.

l2
p = r . γL . cosθ . t /2η (1)

where lp is the variation of penetration height, η 
the viscosity of the liquid (N/m2.s), r the radius of 
the pore (m), γL the superficial tension of the liquid 
(N/m), θ the contact angle and t the time (s).

If  one can represent concrete by a porous mate-
rial with parallel capillaries of different radius, 
perpendicular to the liquid surface, physic’s laws 
clearly show that the liquid will be absorbed with 
a higher force (equation of Laplace) for fine capil-
laries but at a higher speed and in higher quantity 
(equation of Washburn) for big capillaries. The 
Washburn’s relation shows also that the penetra-
tion height increases when the viscosity of the liq-
uid decreases, the contact angle decreases and the 
superficial tension of liquid increases.

Many remarks may be formulated about the use 
of Washburn’s law (Courard 2000):

− the shape of the pore will influence the results 
(circular or bottle-ink for example);

− the contact angle value is not constant and 
depends on time and temperature;

− the pollution of the concrete surface may mod-
ify the kinetics of contact;

− the viscosity is also depending on time.Figure 1. Principles of adhesion.
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It consequently seems to be fundamental to 
define clearly the conditions of application in 
order to be able to optimise the behaviour of the 
liquid laid on the concrete substrate. The continu-
ous interaction between the two bodies shows also 
that it is illusory to choose one without the other. 
These considerations indicate moreover the impor-
tance of the state of saturation of the concrete 
substrate before repair product application (Sasse 
et al. 1983).

Diffusion will also occur at the interface when 
contact is created. Due to its porous structure and 
assuming it is water saturated, diffusion of ions 
may happen from the interstitial solution of the 
cement slurry or the PCC and CC mortars to the 
water present into the porous skeleton of the con-
crete and inversely. Ionic movements will participate 
to the creation of chemicals bonds or, at least, to 
chemical interactions between the substrate and the 
new layer; they can contribute to the development 
of “chemical” anchorages (Courard et al. 2003b).

3 THERMODYNAMIC COMPATIBILITY

3.1 Thermodynamic equilibrium

The superficial tension of a liquid determines its 
ability to wet a solid surface: an efficient spreading 
of the liquid on the solid increases the effective sur-
face of contact and promotes adhesion (Courard 
et al. 2011). The second law of thermodynamics 
indicates that a system of two phases is stable if  
local energy is minimum.

For the creation and the stability of the inter-
face between concrete and new layer, one makes 
the hypothesis that this minimisation of the inter-
facial energy corresponds to a maximum of resist-
ance and durability of the joint (Courard 1999).

The relation between contact angle and free 
energies of liquid and solid is defined according to 
the law of Young-Dupre (Fig. 2) given by Equa-
tion 2:

γS = γSL + γL . cos θ (2)

where γS is the surface free energy of solid, γL the 
surface free energy of liquid and γSL the surface 
free energy liquid/solid. The best spreading of liq-
uid on the solid surface may be expressed by many 
criteria (Gutowski 1985):

• minimisation of contact angle: the lower the 
contact angle, the better the spreading. Some 
additives may modify the interactions into the 
interstitial solution of the cement slurry, binder 
layer or mortar. The effects of the use of admix-
tures are a low decrease of viscosity and a more 
large decrease of contact angle values;

• free energies criteria: it is possible, from the 
Young-Dupre equation to conclude that, for a 
fixed value of γL, an increase of the difference 
γS – γSL is favourable for the wettability of the 
surface. This criteria is however low attractive 
due to the difficulty to determine γS and γSL. 
Another criteria is to say that γL has to be the 
highest as possible to obtain the lowest value of 
the contact angle θ;

• minimization of interfacial energy or maximi-
zation of the work of adhesion. The work of 
adhesion represents the work necessary to sepa-
rate the two bodies. These criteria are not really 
applicable to the situation of the creation of an 
interface, when liquid is spread on solid; they 
are more related to the resistance of the inter-
face solid/solid, after setting or polymerization 
of the liquid phase.

For the analysis of the creation of the interface, 
it seems that the more representative criterion is 
the contact angle because this is a direct represen-
tation of the wettability of the surface. It is a nec-
essary but not a sufficient condition to guarantee 
the efficiency of the bond.

3.2 Relation between thermodynamic parameters 
and adhesion

Some relations were found (Gutowski 1987) 
between the shear strength of metallic plates 
or glass fibres with resin and thermodynamic 
parameters:

τ = f1(γSL/γL
C) or τ = f2(γS/γL

C)

where γL is the superficial tension of the liquid 
phase after hardening.

However, it is very difficult to establish such as 
relation between concrete and repair products due 
to several reasons (Possart et al. 1993):

• test devices used to measure adherence are gen-
erally not able to make distinction between the 

Figure 2. Wettability of a solid surface by a liquid—
Young Dupré equation.
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contribution of adhesion forces and loss of vis-
coelastic or plastic energy into concrete or the 
new layer;

• thermodynamic considerations on the stability 
of the interface solid/solid may be correlated 
with adherence only if  rupture happens at the 
interface;

• the measurement of the contact angle θ with 
goniometer is very imprecise due to the unho-
mogeneity and porosity of the support. This 
measurement is the base for the calculation of 
γS, γSL and WA. More precision could be eventu-
ally obtained by working on powders.

For the analysis of the creation of the interface, 
it seems that the more representative criterion is 
the contact angle because it is a direct representa-
tion of the wettability of the surface. It is a neces-
sary but not a sufficient condition to guarantee the 
efficiency of the bond (Possart et al. 1992).

4 INFLUENCING PARAMETERS

4.1 Water

Water is a dramatic parameter influencing the dura-
bility of repair works through the modification of 
surface properties of materials. The influence of 
temperature or relative humidity of the ambient 
atmosphere before the application and during the 
curing of the new layer are relatively well-known. 
It is quite common to observe:

• disturbances in the setting process;
• insufficient absorption of the binder by the sub-

strate, due to water excess in the substrate or 
untimely evaporation of the solvents;

• untimely creep and/or thermal creep, in addition 
of setting creep, ...

Coatings are designed to protect concrete against 
environmental aggression. Water is one of the 
aggressive parameters able to deteriorate the con-
crete structure. When water comes between the pol-
ymeric system and the concrete substrate (Courard 
et al. 2003), thermodynamic equilibrium is modi-
fied, in respect with particular values of surface 
free energies of materials. From a theoretical point 
of view, this means a simple generalisation of the 
law of Young and Dupré (Courard 2000), relatively 
to a new interface liquid-liquid (Equations 3 and 
4). Contact angle is in this case a visible effect of 
the interaction between the two liquids to conquer 
solid surface. But what happens with spreading 
conditions? When equilibrium is attempted and if  
there is no spreading of one liquid to the detriment 
of the second one, equilibrium of forces means:

γSA = γSB + γAB . cos θ (3)

or

γSA − γSB = γAB . cos θ (4)

where γSA, γSB, γAB and θ are interfacial tensions 
between solid S and liquids A and B, interfacial 
tension between liquids A and B, and contact angle 
of these liquids on the solid surface, respectively.

It is possible to show (Kinloch 1987) that the liq-
uid with the higher tension of adhesion (γx . cos θx ) 
will expulse the other one from the surface. The 
calculation of the work of adhesion (Equation 5) 
can also give interesting conclusions, taking into 
account the variation of surface free energies in 
presence of water:

Wx(L) = γx(L) . (1 + cos θx(L)) (5)

The work of adhesion is an “evaluation” of 
adhesion and observation of Table 1 clearly indi-
cates the loss of adhesion when water is present at 
the interfaces between acrylic or epoxy resins and 
concrete.

Thermal creep will also be produced if  the appli-
cation is realised in too thick layers. The degree 
of saturation of the substrate has also a great 
importance. In the example given hereafter, a PCC 
mortar—with dry and wet slurries—is applied on 
sandblasted concrete slabs characterized by dif-
ferent saturation levels. The adhesion strength 
changes in a clock-shape as a function of the water 
saturation level of the substrate (Table 2). The 
adhesion is relatively weak for low saturation lev-
els (<50%); it reaches classical values for saturation 
levels between 55 and 75%. After that, we observe 
a decrease of the adhesion strength (>90%).

A weak saturation level produces a disturbance 
into the setting process of the cement while a too 
high saturation level acts on the attractive forces, 
the porosity, the kinetics of contact and, finally, 
the adhesion properties. One must also note that 
the best adhesion values are reached for a large 
scale of saturation levels, so that it doesn’t sensi-
tively depend on the variation of water content, 
except for extremal conditions.

4.2 Microroughness

The surface treatment of concrete substrate is 
important in order to promote mechanical adhe-
sion (Trende et al. 1998). The main problems arise 
from co-lateral effects of the treatment, especially 
due to micro-cracks parallel to the surface (Bisson-
nette et al. 2006). After treatment, concrete sur-
faces present fractal topography. As for any fractal 
object, it is possible to break up this surface or this 
profile in a sum of sub-profiles. Each sub-profile 
can be differentiated in terms of wavelengths; there 
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is however no limit or precise criterion to validate 
the choice of decomposition method.

As mechanical interlocking is one of the basic 
mechanisms of the adhesion process, it is funda-
mental to be able to characterize the “roughness” 
of the substrate. Depending on local conditions 
of the specific building various types of surface 
treatments can be applied and a wild spectrum 
of shape and roughness can be induced (Garbacz 
et al. 2006).

4.3 Human factors

Operational factors will also induce difference in 
the results, depending on the tools, the competence 
of the worker and the manner in which he will per-
form the repair work. Figs. 3 and 4 show micro-
scopical views of interface between a concrete 
slab and a PCC mortar applied in the same envi-
ronmental conditions and from the same bag. The 
first worker (A) choose the techniques of pressure 
and smoothing while the second (B) only pressed 
the mortar without any finishing (12). The first 
view (Fig. 3) shows a lot of cracks parallel to the 
interface, at the interface or in the mortar, while 
the second is representative of a good continuity at 
the interface with a good spreading of air bubbles. 
The finishing operation (A) has induced a partial 
unsticking of the repair material.

This is representative of possible destruction of 
the interface due to human action: forces develop-
ing adhesion have been destroyed by application 
conditions.

5 CONCLUSIONS 

If there is creation of an interface, it means that 
there is a potential and mutual interaction between 
the two bodies. A physiological transposition of 
the situation would let us say that it is a case of 
partiality (from Latin word “appetentia”): this 
term describes the instinctive desire to all what is 
able to satisfy a need or something instinctive. Its 
application to the interface between concrete and 
a new layer summarizes all the parameters—phys-
ical, chemical and mechanical properties—of the 
substrate, the new layer and the environment that 
will influence the creation and the stability of this 
interface. Finally, that will lead to the macroscopi-
cal effect and sign of the efficiency of the cohesion: 
bond strength.

Table 1. Calculation of work of adhesion for interfaces 
without (WA) and with (WAL) water.

Interface WA (mJ/m2) WAL (mJ/m2)

Mortar/concrete 87.8 No sense
Acrylic/Concrete 74.1 22.7
Acrylic/Acrylic 80.4 53.7
Acrylic/Hydrophobic treatment 52.2 66.7
Epoxy/Concrete 79.6 21.8
Epoxy/Epoxy 92.4 53
Epoxy/Hydrophobic treatment 56 42.2

Table 2. Adhesion of a mortar on concrete substrate vs. 
saturation level of concrete substrate and slurry.

Adhesion (N/mm2)

Saturation
level

with dry
slurry

with wet
slurry

50
52
55
70
90
93
97
100

0.83
2.80
2.09
2.75
3.54
2.13
1.81
1.43

2.32
2.14
2.89
2.65
3.36
3.06
2.58
1.48

Figure 3. Microscopical view of interface between a 
concrete slab and a PCC mortar (operator A).

Figure 4. Microscopical view of interface between a 
concrete slab and a PCC mortar (operator B).
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Compatibility between the different materials 
appears to be of prime importance: shrinkage, 
rigidity, surface roughness, viscosity, temperature, 
creep … etc, will make the contact effective or not 
and allow interactions between the materials. But 
the first step remains the contact that has to be cre-
ated in a very short: this is the repair speed dating!
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ABSTRACT: In this paper the effectiveness has been assessed of an upgrading/retrofitting system for 
coupling beams (span-to-depth ratio equal to 1.5) not designed to resist earthquake actions. The proposed 
retrofitting technology employs either High Performance Fiber Reinforced Cementitious Composites 
(HPFRCCs) or Textile Reinforced Cementitious Composites (TRCCs). 14 mock-ups of coupling beam 
units, scale 1:2, have been casted and subjected to either monotonic or cyclic loading tests. The different 
resisting mechanisms in conventional plain and reinforced concrete coupling beams have been first of all 
investigated (tensile strength of concrete in plain concrete coupling beam; strut-and-tie mechanisms in 
coupling beams reinforced with only longitudinal bars; enhancement of the aforementioned mechanism 
due to stirrups). The influence of the boundary conditions due to the shear wall shafts on the coupling 
beam spanning between, has been investigated. Longitudinal and transverse reinforcement have been 
designed to comply only with EC2 minimum requirements for non-seismic design situations. In a second 
stage the effectiveness of the upgrading/retrofitting techniques has been checked testing non- and pre-
damaged coupling beams. In the latter case two different drift levels have been selected for pre-damage, 
namely 1% and 2%, respectively meant as representative of ductility demand for SLS and ULS. Results 
highlight the effectiveness of the proposed upgrading/retrofitting techniques, which, also in view of their 
ease of execution and reduced invasiveness, can stand as a reliable alternative to other more commonly 
employed ones.

of the existing buildings, which were built before 
the codes enforced such kind of reinforcement, 
the aforementioned provisions may have not been 
respected. Because of updated code provisions and 
revised seismic zonation, together with increased 
sensitiveness to safety of private and public build-
ings, there is an increasing concern for retrofitting 
or upgrading coupling beams in shear walls which 
may have suffered damage from previous accidental 
events, deterioration due to environmental actions, 
or because of the necessity to increase their bear-
ing capacity, in case simply to comply with new 
design provisions.

Several techniques have been investigated to this 
purpose over the past years such as:

− r/c conventional concrete jacketing (Mihaescu et 
al. 1990) which results not adequate as it requires 
a excessive sectional enlargement to comply with 
durability constrains for reinforcement;

− application of bolted steel plates (Su et al, 
2005). In this last case, despite the good per-
formance measured in laboratory experimental 

1 INTRODUCTION

The lateral resistance of medium and high rise 
buildings relies on a system of reinforced concrete 
(r/c) shear walls, which due to architectural require-
ments, such as door or window openings, consist 
of individual shafts connected by deep “coupling 
beams”. Since the Alaska earthquake, in 1964, in 
which excessive damage in coupling beams was 
observed, interest has continuously raised on the 
importance of a correct design of coupling beams. 
As a matter of fact, because of their geometry (low 
span to depth ratio) they hardly can be designed 
through usual Bernoulli “beam” theory models. 
Early studies by (Paulay, 1971) showed that a 
dedicated, dense and not seldom complicated rein-
forcement arrangement is required in order to pro-
vide good transfer of forces: This should consist 
of diagonal crossing bars, further tied by stirrups 
to avoid their premature buckling under repeated 
loadings. These provisions were later accepted 
also by international design codes, such as ACI 
318 and Eurocode 8. As a matter of fact, in most 
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investigations, this technique is quite unpracti-
cal, since it requires prior identification of the 
position of reinforcing steel bars as well as the 
prearrangement of holes for bolts, which may 
result in a damage of the element and in an 
increased labour cost.

High Performance Fibre Reinforced Cemen-
titious Composites (HPFRCCs) due to their 
enhanced mechanical performance, mainly for 
their peculiar tensile behaviour, in recent decades 
have attracted a great attention among research 
and engineers community as strengthening/retro-
fitting solution of  existing r/c structures, e.g. slen-
der beams (Martinola et al. 2010; Triantafillou et 
al 2005, Meda et al. 2014), slabs (Weiland et al. 
2006) and shear walls (Preti and Meda, 2015) or 
even as a complete replacement of  conventional 
r/c exactly in the case of  coupling beams (Can-
bolat et al.2005; Lequesne, 2011), which would 
be otherwise characterized by densely congested 
reinforcement, which would be unpracticable to 
detail.

In this paper the use of High Performance Fiber 
Reinforced Cementitious Composite (HPFRCC) 
and Textile Reinforced Cementitious Composite 
(TRCC) as detailed hereafter has been explored 
as an upgrading/retrofitting solution for poorly 
designed or damaged coupling beams. 14 mock-
ups of coupling beam units, scale 1:2 featuring 
minimum longitudinal and transverse reinforce-
ment according to Eurocode 2 prescriptions, were 
casted and subjected to either monotonic or cyclic 
loading tests. The different resisting mechanisms 
in conventional plain and reinforced concrete cou-
pling beams were first of all investigated (tensile 
strength of concrete in plain concrete coupling 
beam; strut-and-tie mechanisms in coupling beams 
reinforced with only longitudinal bars; enhance-
ment of the aforementioned mechanism due to 
stirrups). The effectiveness was then investigated 
of the upgrading/retrofitting techniques has been 
checked by testing non- and pre-damaged cou-
pling beams. Two different drift levels were selected 
for pre-damage, namely 1% and 2%, respectively 
meant as representative of ductility demand for 
SLS and ULS.

Results, analyzed in terms of load bearing and 
energy dissipation capacity, highlight the effec-
tiveness of the proposed upgrading/retrofitting 
techniques, which, also in view of their ease of 
execution and reduced invasiveness, can stand 
as a reliable alternative to other more commonly 
employed ones.

The application to the case of a five storey r/c 
shear wall was finally addressed through numerical 
analyses also to study the effectiveness of tailored 
retrofitting/upgrading alternatives.

2 EXPERIMENTAL PROGRAMME

Experimental mock-ups have been designed mak-
ing reference to a shear wall containing a typical 
door opening, 900 mm wide (equal to the length of 
the coupling beam) and 2.1 m high. Assuming an 
inter-storey height equal to 2.7 m, this has resulted 
in a depth of the coupling beam equal to 600 mm 
and hence in a span to depth ratio of 1.5. The 
coupling beam specimen was hypothesized to be 
“poorly designed”. To comply with maximum load 
capacity of testing equipment, a scale ratio 1:2 was 
adopted. The specimen hence had the following 
dimensions (length × depth × width): 450 mm × 
300 mm × 100 mm. Reinforcement was designed 
to satisfy the minimum reinforcement requirement 
prescribed by design codes for non-seismic design 
situations and consisted of 2 + 2 φ8 mm longitu-
dinal bars (upper and lower) and φ6 mm stirrups 
spaced at 100 mm. Yield strength of employed steel 
was equal 569 N/mm2 and 552 N/mm2 respectively 
for longitudinal and transverse reinforcement.

In total 14 specimens were casted in a precast 
plant, along with their day by day production and 
all along one week. Specimens were casted with 
a normal strength concrete and cube companion 
samples for each casting batch were also casted and 
tested for compression strength at each coupling 
beam testing age. Average measured cube strength 
was equal to 36.6 N/mm2 with significant fluctua-
tions which will be later called to explain some 
apparently contradictory experimental results.

The experimental campaign performed involved 
tests on “non-retrofitted” coupling beam speci-
mens, through which the influence of the different 
resisting contributions (concrete tensile strength, 
longitudinal and transversal reinforcement) as 
well as on retrofitted ones was studied. As for the 
first part, the programme consisted of tests on two 
plain concrete coupling beams, two beams rein-
forced only with longitudinal bars and further two 
with both longitudinal and transverse reinforce-
ment detailed as above. Only monotonic tests were 
performed on plain and longitudinally-only rein-
forced mock-ups whereas one monotonic and one 
cyclic test were performed on the mock-ups with 
both longitudinally and transverse reinforcement.

As for the tests on retrofitted/upgraded speci-
mens, two “repairing” materials were employed, 
namely a HPFRCC and a TRCC. With for the 
latter case only two “upgraded” specimens were 
tested (the TRCC was applied to undamaged 
mock-ups), for the former both cases of upgraded 
and retrofitted specimens were considered. Besides 
two undamaged (upgraded) specimens, also four 
retrofitted ones were tested, two of which were 
pre-damaged at 1% drift level and two at 2% drift 
level. The pre-damage drift levels were selected as 
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representative of SLS and ULS behaviour. For 
each couple of nominally identical retrofitted and/
or upgraded mock-ups one monotonic and one 
cyclic test was performed.

For the cyclic test protocol, the load was applied, 
under displacement control, at successive 0.5% drift 
increments, with full load reversal. Three cycles for 
each drift level on either side were performed, to 
assess the stability of the cyclic response.

As a first retrofitting option, a 20 mm thick 
layer was applied of a HPFRCC was applied. The 
composition of the material, first suggested in (di 
Prisco et al. 2008) and then extensively studied 
in (Ferrara et al. 2011, 2012) is shown in Table 1. 
Because of the self-levelling ability of the mate-
rial the application was simply done by pouring 
it into suitable formworks. As a second option, a 
6 mm thick layer of TRCC, selected from a previ-
ous investigation (Colombo et al. 2013). The mate-
rial consisted of the same matrix of the HPFRCC, 
with the maximum aggregate size cut to 0.6 mm, 
and reinforced with an alkali resistant glass fabric, 
whose property are summarized in Table 2 A lay-up 
application technique was chosen in this case. In all 
cases the strengthening was applied on the lateral 
and bottom surfaces of the coupling beam, which 
were previously sandblasted for improved bond, 
considering that the real situation the extrados is 
not accessible.

In order to reproduce realistic boundary con-
ditions the testing set-up shown in (Fig. 1-a) was 
designed. Two jacks with maximum load capac-
ity of 400 kN and stroke length of 200 mm were 
used to applied the load to the specimen in either 

direction to simulate a cyclic loading. A hydraulic 
pump was used to generate the pressure in piston 
of the jack. The pump has two sets of inlet and 
outlet of the oil. Through two extensions and four 
tubes it was possible to create a closed loop of oil 
flow between the two jacks. This system allowed to 
effectively implement and apply to the specimen a 
cyclic loading path with two jacks counter acting 
each other (Fig. 1-b). The load was transferred to 
the specimen by means of a Dywidag bar which 
was connected to the jacks and passed through the 
specimen; the force collected by the bar from the 
jacks was then applied to the specimen via 30 mm 
thick steel plates. Through this system a compres-
sive load is always applied to the specimen and 
the preparation time and cost are reduced to the 
minimum.

The steel structure “framing” the test specimen, 
has been conceived to apply, thanks to the high stiff-
ness of its vertical and horizontal members, a load-
ing condition characterized by pure shear loading 
with neither expansion in the longitudinal direction 
of the coupling beam nor rotation of the top (and 
bottom) blocks. These have to be meant as repre-
sentatives of the wall shafts which are connected 

Table 1. Mix design of employed HPFRCC.

Constituent dosage (kg/m3)

Cement type I52.5R 600
Slag 500
Siliceous sand 0–2 mm 982
Water 200
Superplasticizer  33
Straight steel fibers 100
(lf = 13 mm; df = 0.16 mm)

Table 2. Property of the employed AR-glass fabric.

Warp wire spacing (mm) 4.9

Warp (Tex) 2 × 640
Warp filament (μm) 14
Weft wire spacing (mm) 7.1
Weft (Tex) 1200
Weft filament (μm) 19

Figure 1. Schematic representation of the test mock-up 
with intended boundary conditions (a) and of the test 
set-up (b).
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by the coupling beam. The reproduced bound-
ary conditions hence make reference to rigid wall 
shafts with symmetrical stiffness on either side of 
the coupling beam, which can be hence considered 
as fully fixed at its edges.

3 EXPERIMENTAL RESULTS: ANALYSIS 
AND DISCUSSION.

As from the description of the experimental test 
program provided in the previous section, of the 
14 tested mock-ups two were made of plain con-
crete, with neither longitudinal nor transverse 
reinforcement, and two were reinforced only with 
longitudinal bars (2 + 2 Monotonic tests were 
p8). Monotonic tests were performed on these 
four mock-ups first of all to verify the suitability 
of the designed testing apparatus. Moreover, the 
whole set of data, once compared to the measured 
monotonic behaviour of the mock-ups reinforced 
with both longitudinal and transverse reinforce-
ment, allows to have a deeper insight into the dif-
ferent resisting mechanisms which governed the 
load bearing capacity of the coupling beams, e.g., 
concrete tensile strength, strut and tie mechanisms, 
stirrup confinement effect.

The load vs. drift curves highlight good repeat-
ability for tests on nominally identical specimens 
(Figure 2). The following remarks hold:

the plain concrete specimens exhibited an 
abnormally high load bearing capacity. A possible 
explanation was sought and, in the authors’ opin-
ion, found, in the daily fluctuations of the concrete 
compressive strength as measured at each cou-
pling beam testing age on the companion casted 
cube specimens. For the plain concrete coupling 
beams this was equal to 48 N/mm2, which is sig-
nificantly higher than the one measured on com-
panion cube specimens for the longitudinally-only 
reinforced mock-ups (31 N/mm2), as well as for the 
one containing both longitudinal and transverse 
reinforcement (35 N/mm2). The different meas-
ured compressive strengths resulted into different 
estimated tensile strengths of the concrete, as from 
EC2 formulae, ranging from about 3.5 N/mm2 for 

plain concrete mock-ups to less than 3 N/mm2 in 
the other cases. The failure mode of plain concrete 
mock-ups clearly features one diagonal crack (Fig-
ure 2) which likewise clearly highlights the domi-
nant, if  not exclusive, role of the concrete tensile 
strength in governing the load bearing capacity. 
This 20% tensile strength difference results into an 
equal difference on the load bearing capacity;

− the mock-ups containing only longitudinal rein-
forcement, besides a strength lower than plain 
concrete ones, as justified above, also featured 
no ductility at all. The presence of longitudinal 
reinforce-ment should have activated a (diago-
nal) strut and (longitudinal) tie mechanism, the 
load bearing capacity of which should have been 
governed by the yielding of longitudinal bars, 
which would have also been able to impart a cer-
tain amount of ductility to the coupling beam 
behaviour. According to the force equilibrium 
scheme (Figure 3), the load bearing capacity of 
the coupling beam can be evaluated as the mini-
mum value between the one related to the yield-
ing of the longitudinal reinforcement Asl:

VRds = 2 Asl fy/λ = 57 kN (1)

and the one due to the crushing failure of the 
strut:

VRdc = 0.4 bh fc /(1 + λ2) = 64 kN (2)

where b is the thickness of the beam and λ its slen-
derness l/z (with l beam span and z inner lever arm 
assumed equal to 0.84 h). For the actual concrete 
compressive strength fc and steel yielding strength 
fy both calculate values resulted quite lower than 
the experimentally measured ones, which required 
more careful interpretation. It has to be remarked 
that the activation of the strut and tie mechanism 

Figure 2. Load-drift curves and crack patterns at failure 
for plain concrete coupling beams (left) and for coupling 
beams with only longitudinal reinforcement (right).

Figure 3. Schematic of the strut and tie mechanism 
activated in coupling beams with only longitudinal rein-
forcement (half  of the coupling beam is shown for the 
sake of symmetry).
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can only be possible if  longitudinal deformation, 
as also from the yielding of the bars, is allowed. 
The employed experimental set-up on its hand 
(Figure 1b) prevents any elongation in the afore-
mentioned direction. This constraint may have 
most likely resulted into the development of a 
parasite longitudinal compression force, which 
had a twofold effect. On the one hand it reduced 
the tensile action in the longitudinal ties, prevent-
ing them from yielding and thus increasing the 
load bearing capacity. On the other hand, by add-
ing an additional compressive stress field, it pro-
gressively modified the inclination of the diagonal 
strut, making it up to almost sub-vertical, as also 
confirmed by the observed crack pattern at fail-
ure. The latter occurred by crushing of the strut, 
because of the prevented yielding of longitudinal 
reinforcement, as explained above, and was there-
fore rather brittle.

The presence of a minimum transverse rein-
forcement (see the curve labelled as “control speci-
men” in Figure 2) led to an only limited increase of 
the load bearing capacity, thus confirming the pre-
vailing effect of the mechanism explained above, 
where the resistance of the sub-vertical strut would 
scantly sense the present of the small and quite 
largely spaced stirrups. Anyway, even the provided 
minimum amount of transverse reinforcement was 
able to impart to the mechanism a certain ductility 
and allow the development of a more regular crack 
pattern up to the failure, which once again occurred 
by crushing of the compressive strut (Figure 4).

The experimental load bearing capacity was well 
captured by Level III approach of Model Code 
2010. Through a stress and strain field analysis 
based on Modified Compression Field Theory, 
this sums the contribution of stirrups and the one 
of concrete struts, and evaluated the inclination 
of the latter at failure by means of an iterative 
procedure.

With reference to the cyclic tests performed on 
a nominally identical mock-up, i.e. with both lon-
gitudinal and transverse reinforcement, monotonic 
curve matched reasonably well the skeleton of the 
cyclic response (Figure 5). This was characterized 
by a lack of symmetry, mainly with reference to 
the cycle stiffness, most likely due to the accumu-
lation of some irreversible damage since from the 
early cycles, which affected the stiffness recovery 
upon load reversal, as also obtained and explained 
by other authors (Canbolat et al., 2005; Lequesne, 
2011). It can be furthermore observed that the 
response is quite stable for the threefold repeti-
tion of equal amplitude cycles and that the energy 
dissipation inside each cycle is fairly limited. This 
matches reasonably well with the failure mecha-
nisms, as inferred above from the crack pattern 
observation, which appear to be mainly governed 
by concrete strut crushing. As a matter of fact 
in cyclic tests, the applied load reversal led to the 
formation of inclined cross cracks (Figure 6). The 
failure was anticipated and occurred once again 
because of crushing of the inclined compression 
struts at their corner bottoms and was also accom-
panied by the onset of buckling of longitudinal 
bars, left exposed by the cover spalling and not suf-
ficiently laterally restrained by the largely spaced 
stirrups.

With reference to the tests performed on retro-
fitted beams, employing either the HPFRCC or the 
TRCC technique, a synopsis of their efficiency can 
be glimpsed from the force-drift curves obtained 

Figure 4. Crack pattern and failure detail of monot-
onically tested beam with longitudinal and transverse 
reinforcement.

Figure 5. Cyclic and monotonic load drift curves 
for coupling beam with longitudinal and transverse 
reinforcement.

ICCRRR15_Fullpaper_Book.indb   737ICCRRR15_Fullpaper_Book.indb   737 8/27/2015   9:18:50 AM8/27/2015   9:18:50 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-105&iName=master.img-003.jpg&w=189&h=124
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-105&iName=master.img-004.jpg&w=189&h=192


738

from monotonic tests on retrofitted mock-ups and 
compared to the reference one (Figure 7).

The 20 mm thick HPFRCC jacketing was able 
to increase the load bearing capacity of about 2.5 
times with respect to the control specimen, no mat-
ter whether it was applied to a virgin or a pre-dam-
aged specimen. As a matter of fact, in the latter 
case (retrofitted specimen) the performance was 
even a little bit higher than in the former (upgraded 
specimen). It can be reasonably hypothesized that, 
because of some local de-bonding across the cracks 
between the subgrade pre-damaged specimen and 
the applied retrofitting jacket could have helped in 
better spreading the “underlying” localized dam-
age into a larger zone in the top layer, thus bet-
ter exploiting the performance of the retrofitting 
material. Anyway, in the case of HPFRCC, the 
improvement of ductility is fairly limited and a 
somewhat abrupt load decay was observed after 
the attainment of the peak. This could have been 
due to some delamination, caused by high bond 
shear stresses induced by the significant stiffness 
of the retrofitting layer and which could have been 
initiated by some early detachment caused by the 
quite high shrinkage (mainly autogeneous) of the 
HPFRCC. Anyway, the spreading of the damage 
(localized in the underlying specimen – Figure 8a) 
into some kind of multiple cracking in the retro-
fitting later was observed (Figure 8b). The fail-
ure always occurred because of crushing of the 
compressive strut, which formed in the retrofit-
ted mock-up and whose strength could also ben-
efit from the confinement effect provided by the 
HPFRCC jacket. This led to cover spalling in the 
only possible direction (one of the short sides of 
the coupling beam was not jacketed, representing 

Figure 6. Crack pattern and failure detail: cyclically 
tested coupling beam with longitudinal and transverse 
reinforcement.

Figure 7. Comparison of the experimental results 
under monotonic loading considering different upgrad-
ing/retrofitting techniques.

Figure 8. Localized damage (diagonal crack) into the “subgrade” retrofitted specimen (a), multiple cracking in the 
HPFRCC jacketing layer (b) and failure detail of the HPFRCC retrofitted coupling beam (c).
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the extrados not accessible in the real practice), fol-
lowed by remarkable buckling of the bare longitu-
dinal bars between the largely spaced stirrups and 
concrete crushing (Figure 8c).

On the other hand, the 6 mm thick TRCC ret-
rofitting layer, provide a less remarkable increase 
in the load bearing capacity (which was anyway 
about 1.8 times higher than the reference control 
specimen), and was able to enhance in a quite 
evident way also the ductility of the retrofitted 
specimen. This could also be attributed to a better 
bond, either triggered by the manual application 
technique or by the lower shear stresses caused 
by the lower stiffness of the layer, which made it 
possible the dramatic multiple cracking which was 
observed before the failure (Figure 9).

The enhancement of the load bearing capac-
ity and ductility performance provided by the two 
different employed retrofitting materials and tech-
niques have been confirmed also by the results of 
cyclic tests performed both on upgraded (Figure 10) 
and retrofitted specimens (Figure 11). It has to be 
remarked that for the latter case only specimens 
retrofitted with HPFRCCs were manufactured and 
tested, after having been previously damaged up to 
two drift levels, respectively equal to 1% and 2%.

In order to better understand the cyclic per-
formance of the tested coupling beams in terms 
of energy dissipation capacity, a specific analy-
sis is carried out. The results, as plotted in Fig-
ure 12, first of all show that the values of energy 

dissipation of the control specimen represent a 
kind of lower limit for the other tests. Moreover, as 
a general feature, cycles at same drift level showed 
similar magnitude as the first cycle, confirm the 
stability of the response for the threefold repeti-
tion of equal amplitude cycles. With reference to 
the efficacy of the specific retrofitting techniques, 
it evidently appears that whereas HPFRCC per-
forms better for smaller amplitude cycles, the per-
formance of TRCC becomes dominant for higher 
amplitude cycles, as a further confirmation of the 
better ductility enhancement.

Figure 9. Crack pattern at failure for TRCC retrofitted 
specimen.

Figure 10. Cyclic force-drift curves for coupling beam 
specimens upgraded with TRCC (left) and HPFRCC 
(right), as compared to the performance of the cyclically 
tested reference specimen.

Figure 11. Cyclic force-drift curves for coupling beam 
specimens retrofitted with HPFRCC after a 1% (left) and 
a 2% drift damage (right), as compared to the perform-
ance of the cyclically tested reference specimen.

Figure 12. Energy dissipation trend along the cyclic 
tests.
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4 STRUCTURAL APPLICATION 
EXAMPLE

The efficacy of the retrofitting techniques, as 
tested and discussed, has been finally applied, in 
a numerical example, to address their use to a true 
structural application dealing with a 5 storey shear 
wall, featuring the geometry and reinforcement 
details shown in Figure 13. The non-reinforced 
part is where the opening is considered, spanned 
over by a coupling beam, which resulted 600 mm 
deep × 900 long and reinforced with 2 + 2φ8, as the 
tested mock-ups. A retrofitting option like the one 
tested with HPFRCC was considered, to be applied 
either to all the coupling beams at each storey or, 
separately, once at each different storey.

Numerical push-over analyses were performed 
by using the software MIDAS-GEN and the 
results (Figure 14) highlight, on the one hand, the 
efficacy of the employed retrofitting technique in 
getting back, even if  not completely, to the behav-
ior of a monolithic shear wall. On the other hand, 
the significance also appears of a tailored retrofit-
ting, applied only to coupling beams at “selected” 
storeys.

5 CONCLUSIONS

A series of experimental tests on coupling beams, 
either non retrofitted or upgraded/retrofitted with 
advanced cement based materials was performed 
and the results have been herein analyzed.

In a first set of  tests the role of  different 
resisting mechanisms (concrete tensile strength, 
longitudinal and transverse reinforcement) was 
investigated, together with the influence of  the 
boundary conditions on the development of  such 
mechanisms. The reliability of  design provisions 
in Model Code 2010 when applied to this kind of 
structural elements was also checked. The repre-
sentativeness of  monotonic tests, which matched 
well with the envelope of  cyclic test curves, was 
confirmed.

A second set of experimental tests consisted 
of coupling beams upgraded or repaired with 
HPFRCC. The use of this upgrading/repair solu-
tion leads to enhanced performance both under 
monotonic and cyclic loadings. However, a loss 
of stability was always observed after the attain-
ment of the peak load. This could be attributed 
to the increased interface deterioration between 
the subgrade mock-up and the HPFRCC layer, 
which resulted in some delamination at failure. It 
has been interestingly observed on monotonic tests 
that the specimens with increased pre-damage level 
performed even better in terms of load capacity. 
This could be explained by that the cracks present 
on damaged specimens, make the HPFRCC more 
effective at spreading the damage over a wider 
zone in the HPFRCC retrofitting layer, thus bet-
ter benefiting from its unique behaviour in tension. 
Anyway, while quite easy to be applied, because of 
the high fluidity of the material, the delamination 
problems, as also due to the quite high autoge-
neous shrinkage of the material, still represent a 
drawback to be solved for spreading the use of 
this retrofitting technique into current engineering 
practice.

The final set of  experimental test performed 
on coupling beams upgraded with TRCC, once 
again shows improvement of  the load bearing 
capacity, even if  not so high as for HPFRCCs. 
Moreover, the cyclic tests showed a more stable 
response after maximum load capacity. While less 
prone than HPFRCC to delamination problems, 
the technique requires a higher care during the 
application.

Both the proposed upgrading techniques have 
hence been proved to be reliable and feasible; in-
vestigation on the effectiveness of coupled solu-
tions, employing e.g. a shrinkage compensated or 
internally cured HPFRCC reinforced with a glass 
textile mesh will be investigated in the forthcoming 
developments of this study.

Finally, the efficacy of one of the proposed 
retrofitting techniques was assessed, via a simple 
numerical example with reference to the structural 
behaviour of a 5-storey shear wall and the engi-
neering significance of a selected coupling beam 
retrofitting was demonstrated.

Figure 13. Geometry and reinforcement details of the 
hypothesized shear wall cross section.

Figure 14. Push-over curves for different retrofitting 
options for the numerically analysed shear wall, as com-
pared to the performance of uncoupled two-shaft wall 
and monolithic wall with no opening.
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ABSTRACT: The reduction in the useful service-life of reinforced concrete structures, mainly due to 
reinforcement corrosion, is a cause of concern for several RC buildings. The corrosion damage, often, 
makes necessary to define strengthening techniques allowing for recovering the initial capacity of the 
structure. Furthermore, the reduction of strength and ductility, due to corrosion, can jeopardize the 
behaviour for horizontal loads. In this research, the technique based on the use of High Performance 
Fiber Reinforced Concrete (HPFRC) jackets with thickness of 30–40 mm, is considered and applied on 
RC corroded columns. Three full-scale experimental cyclic tests were performed. Besides the reference 
specimen, one column was tested after the rebars artificial corrosion, and the last one, after the reinforce-
ment corrosion, was strengthening with 40 mm thick HPFRC jacket. The tests were performed up to 
failure by applying cyclic horizontal loads of increasing amplitude for verifying the performances of the 
proposed solution.

of the ’60 and ’70 buildings), as high carbonation 
or chloride penetration may accelerate the rebar 
chemical attack. In these structures, the lack of 
bearing capacity due to the use of poor materi-
als in combination with the possible corrosion of 
the reinforcement may be of serious concern. A 
high performance fiber reinforced concrete jacket 
can be adopted for repairing or strengthening cor-
roded columns with the aim of ensuring adequate 
bearing capacity to the structures after the inter-
vention. Furthermore, due to the compactness of 
the HPFRC concrete matrix and the reduced crack 
opening, the jacket can protect the existing col-
umn and increase the durability of the system, as 
highlighted in (Resplendino & Toulemonde, 2010, 
Wanga et al., 2014).

In order to investigate the proposed solution, 
full-scale tests on columns subjected to cyclic 
loads have been performed. In particular, three 
specimens with the same geometry and materials 
are designed, cast and tested. The first one is the 
un-corroded reference column, the second one is 
corroded and the last one is firstly corroded and 
then repaired with a 40 mm thick HPFRC jacket. 
The results show the effectiveness of the proposed 
solution.

1 INTRODUCTION

The lack of durability, typically related to rein-
forcement corrosion, is a cause of concern in 
several Reinforced Concrete (RC) buildings, par-
ticularly when low strength concrete is used. A ret-
rofit intervention on these structures should have 
the scope not only to restore the original bearing 
capacity but also to ensure an adequate durability 
to the structure.

The feasibility of  using High Performance Fiber 
Reinforced Concrete (HPFRC) for strengthen-
ing RC structures has been investigated by several 
researchers in the last few years (Li et al., 2000, 
Banthia & Bindiganavile, 2001, Alaee & Kari-
haloo, 2003, Martinola et al., 2010, Beschi et al., 
2011, Kobayashi & Rokugo, 2013, Meda et al., 
2014). In particular, the effectiveness of  the adop-
tion of a jacket in fiber reinforced concrete for the 
strengthening of existing columns subjected to 
seismic action has been demonstrated in (Beschi 
et al., 2011)

The possibility of applying this technique on 
corroded RC columns is investigate herein. The 
problem of structural element corrosion is ampli-
fied when low strength concrete is adopted (typical 
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2 EXPERIMENTAL TESTS

2.1 Specimens geometry

Three columns have been cast for the experi-
mental campaign, named UC (Un-Corroded), 
C (Corroded) and CR (Corroded and Repaired). 
Figure 1 shows the specimens geometry and rein-
forcement. The columns have a 300 × 300 mm 
square section and a height of 1600 mm. The lon-
gitudinal reinforcement is made of four φ16 mm 
rebars, while the transverse reinforcement is made 
of φ8 mm closed stirrups spaced at 300 mm. The 
longitudinal rebars (in Tempcore steel) exhibited 
an average yield strength equal to 520 MPa and an 
average maximum strength equal to 620 MPa.

The geometry of the column foundation 
(1300 × 600 × 500 mm) is shown in Figure 1.

All the specimens were cast with concrete from 
the same batch, characterized by a mean cubic 
compressive strength equal to 20 MPa.

Two of the columns (C and CR) were subjected 
to an artificial corrosion of the longitudinal rebars. 
Since the aim of the paper was the evaluation of 
the bending behaviour of the columns, the stirrups 
were coated in order to avoid their corrosion.

2.2 Artificial corrosion

The longitudinal reinforcement of the columns 
has been corroded up to a theoretical level equal 
to 20% in terms of mass loss. The corrosion was 
obtained with an accelerated process through elec-
trolytic cells (Fig. 2) with the columns dipped in 
a 3% saline solution. A preliminary campaign was 
organized with the aim of obtaining the required 
corrosion in the rebars, and to check the corrosion 
morphology, the influence of the corrosion on the 

steel constitutive relationship, and the effect of 
the concrete in the rebar corrosion process. An in 
depth description of this campaign can be found in 
(Meda et al., 2014).

Based on the obtained results, the corrosion 
process was assessed. The saline solution (3% 
NaCl), necessary for the accelerated electrolytic 
corrosion, was contained inside a PVC Ø500 mm 
pipe, placed around the column as shown in Fig-
ure 2, and fixed to the foundation through specific 
sealing products. The current intensity was equal 
to 0.5 A for each bar. The four Ø16 embedded bars 
represent the anodes, while four Ø10 diameter steel 
bars, placed inside the pipe, worked as cathodes 
(Fig. 2).

The time necessary to obtain the desired corro-
sion level, (20% in mass loss), was evaluated with 
the Faraday’s law, suitably modified in order to 
account for the concrete presence, based on the 
preliminary tests on embedded specimens (Meda 
et al., 2014). Figure 3 shows the two columns C 
and CR, after the corrosion. It can be noticed a 
typical crack pattern due to the rust expansion, 
with longitudinal cracks, close to the steel rebars, 
often involving the whole specimen length.

2.3 HPFRC jacket application

One of the two corroded column (specimen CR) 
was prepared for the HPFRC jacket application. 
To this aim the following steps were followed:

− the deteriorated cover in correspondence to the 
four longitudinal bars was removed and the rein-
forcement was manually cleaned to eliminate the 
corrosion products;

Figure 1. Geometry of the specimens. Figure 2. Accelerate corrosion process.
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− a 80 mm deep pocket was made in order to 
ensure the connection of the jacket with the 
foundation, as made in previous researches 
(Beschi et al., 2011) (Fig. 4a);

− the surface of the column was sandblasted in 
order to obtain a roughness of about 1 mm to 
ensure the adhesion between the old concrete 
and the HPFRC jacket (Martinola et al. 2010).

Finally, a jacket having a thickness of 40 mm has 
been cast with a HPFRC with almost self-levelling 
rheology.

The high performance fiber reinforced con-
crete adopted is characterized by an average com-
pressive strength, measured on cubes of about 
130 MPa. The uniaxial tensile strength, measured 
on dog-bone specimen (Fig. 5a) is of about 6 MPa, 

while the flexural load, measured on small beams 
(Fig. 5b) is about 42 kN (nominal stress equal to 
12.6 MPa). Straight steel fibers having a length of 
15 mm and a diameter of 0.175 mm with a volume 
content of 1.2% were used.

The HPFRC material was prepared in a verti-
cal axis mixers and was cast in moulds without 
vibration. Since curing was carried out at ambi-
ent temperature and humidity, the column was 
wrapped with a plastic sheet in order to limit water 
evaporation.

3 TEST SET-UP AND RESULTS

3.1 Test set-up

The three columns were subjected to cyclic tests in 
the Laboratory of the University of Bergamo.

The column foundation was anchored to the 
laboratory strong floor with two steel profiles and 
four pre-tensioned high strength rebars. An axial 
load of 400 kN was applied with two hydraulic 
jacks and monitored by a pressure transducer. A 
self-balanced system allowed applying the axial 
load to the column (Fig. 6). The horizontal cyclic 
load, applied at a height of 1.5 m from the column 
foundation connection, was given by means of an 
electro-mechanical jack fixed to the reaction wall 
of the laboratory. The jack was linked to the col-
umn by means of a hinged bar system in which a 
load cell was placed (Fig. 6).

In order to measure the horizontal displacements, 
potentiometric transducers were placed on the 

Figure 3. Specimen after corrosion process—crack pat-
tern; a) specimen C; b) specimens CR.

Figure 4. Specimen CR; a) before jacket cast; ) after 
jacket cast.

Figure 5. HPFRC tensile strength; a) tensile test; 
b) flexural test.
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column at the level of the load application (1.5 m 
from the foundation extrados). A series of poten-
tiometric transducers placed on one of the column 
faces measured the rotations at the column base. 
Two LVDT devices register possible slip movements 
of the foundation. Finally, a pressure transducer was 
connected to the pump for the axial load monitor-
ing. After the axial load application, the specimens 
were subjected to horizontal cyclic displacements of 
increasing amplitude, up to the failure.

The loading history was assigned according to 
the document (ACI, Committee 372, 2006) which 
defines the standard test procedure for full-scale 
moment-resistant elements. Once defined the drift 
(δ/h), as the ratio between the horizontal displace-
ment at the load application point (δ) and the 
height (h), the guide line suggests to perform three 
complete cycles for each drift with an intermedi-
ate unloading cycle between a triplet and the fol-
lowing one. The initial drift (equal to 0.15%) was 
chosen for capturing the elastic behaviour of the 
specimen. Details of the horizontal displacement 
history are reported in Figure 7.

4 RESULTS

4.1 Undamaged column (UC)

The results related to the Un-Corroded specimen 
(UC) are summarised in the load-drift diagram 
shown in Figure 8. The first horizontal cracks 
formed for a displacement of 4.50 mm (drift equal 
to 0.30%). The specimen behaviour was almost lin-
ear up to a drift of 0.75%. Below a 1% drift, the 
cracks were approximately horizontal with a spac-
ing almost coincident with the stirrup spacing.

The extension of the cracked zone was about 
700 mm from the foundation intrados. The maxi-
mum loads, measured for positive and negative 

cycles, were equal to 63 and 61 kN, respectively. 
The related drifts were equal to ±2%. In the follow-
ing cycles, a progressive strength degradation was 
observed, up to a value of about 40 kN (approxi-
mately 64% of the maximum load), related to a 5% 
drift. At this point, the test was stopped, due to the 
cover spalling and concrete crushing observed at the 
column base, involving a zone with a height approxi-
mately equal to the section side. Moreover, the buck-
ling of one of the reinforcing bars was observed.

4.2 Corroded column (C)

The results related to the corroded specimen (C) 
are summarised in the load-drift diagram shown in 
Figure 9. The first cracks appeared for a displace-
ment equal to 3.75 mm (0.25% drift). The maxi-
mum measured positive load was equal to about 
44 kN for a drift of 1.0%, while the maximum neg-
ative one was about 46 kN for a drift of 1.25%. A 
significant strength reduction was observed after 
the cycles at 1.5% drift. The strength related to the 
last cycle, corresponding to a drift of 2.5%, was 
about 36 kN, corresponding to 78% of the maxi-
mum measured load.

Horizontal cracks located at the base, within 
an extension of about 700 mm from the base of 
the foundation appeared for cycles ranging from 

Figure 6. Test set-up.

Figure 7. Loading history.

Figure 8. Reference uncorroded specimen UC: Load—
drift relationship.
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a drift of 0.25% to 1.00%, growing in number and 
extension. The vertical cracks, due to corrosion, 
visibly opened for the cycle corresponding to a 
drift of 1%. Cover spalling occurred for a drift of 
2%. The test was stopped at a drift equal to 2.5%, 
after the complete crushing of the concrete. The 
buckling phenomenon of all the reinforcement 
bars was clearly noted. At the end of the tests, 
the four steel rebars were cleaned and weighted. 
The measured mass losses, equal to 22.6%, 18.7%, 
20.6% and 24.1% for the four bars, highlighted the 
effectiveness of the corrosion process in providing 
the foreseen corrosion level (20% mass loss).

4.3 Jacketed column (CR)

The results related to the corroded and repaired 
column specimen (CR) are summarised in the 
load-drift diagram shown in Figure 10. The first 
cracks appeared for a displacement of 4.5 mm 
(0.30% drift). The maximum recorded positive load 
was about 86 kN with a drift of 0.75%, while the 
maximum negative load was about 100 kN with a 
drift of 1%. In the following cycles, a significant 
strength reduction of the column occurred.

Horizontal cracks appeared for cycles ranging 
from a drift of 0.30% to 0.75% located at the base, 
within an extension of about 600 mm from the 
base of the foundation. From a drift of 0.75%, the 
cracks development in the external jacket was sta-
ble, while a local damage of the HPFRC jacket at 
the column-foundation interface. The progressive 
pinching of the cycles for drift values higher than 
1.5% is related to the detachment of the HPFRC 
layer at the base, whereby the contribution of the 
tensile strength of the jacket layer at the base is 
progressively lost, and a rocking mechanism takes 
place at the column base. The column has reached 
the collapse during the third cycle corresponding 
to a drift of 2%, due to the rupture of one of the 
longitudinal rebars for positive drift. In order to 
gain further knowledge of the specimen behaviour, 

it was decided to perform even the cycles of 2.5% 
drift, since for negative drifts the load was still high. 
The test was stopped at the second cycles equal to 
a drift of 2.5%, when the second reinforcing bar 
failed. At the time, the collapse load was equal to 
82 kN, corresponding to 82% of the maximum 
strength reached for positive displacement values.

4.4 Comparison

The load-drift diagrams, measured for all the spec-
imens are compared in Figure 11. The corroded 
column shows a decrease of the maximum strength 
of about 26% (rebar corrosion of about 20%) and 
a marked decrease of deformation (up to 50%) 
with respect to the undamaged one. Furthermore, 
the sharp reduction of stiffness, occurring during 
the test of the corroded specimens, in the last two 
cycles, has to be remarked.

The results obtained from the jacketed speci-
men showed the effectiveness of this technique for 
strengthening columns with corroded longitudinal 
rebars. The maximum load for both positive and 
negative drifts is higher than the peak load reached 
by the undamaged specimen.

The maximum load measured for negative drifts, 
the direction in which the strengthening specimen 

Figure 9. Corroded specimen C: Load—drift 
relationship. Figure 10. Corroded Reinforced specimen CR: 

Load—drift.

Figure 11. Load-drift relationships: comparisons.
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showed a correct failure mode, is increased of 
about 65% and 118%, if  compared to those of the 
undamaged and corroded columns, respectively. A 
comparison between the experimental results of the 
three specimens has been further performed in terms 
of dimensionless dissipated energy, with respect to 
the “elastic energy”, defined as the product of the 
maximum force (Fmax) for the related displacement 
(δmax), as shown in Figure 12. For the sake of com-
parison, the reported results are limited to a 2.5% 
drift (ultimate value in the CR specimen).

The specimen with a fiber reinforced jacket 
(CR) shows a better behavior in terms of energy 
dissipation. For cycles related to high drifts (0.75% 
−1.00%) the energy dissipated by the CR specimen 
is increased of about 50% with respect to the UC 
(reference, uncorroded specimen) and is higher 
than 30% with respect to the C (corroded) one. 
It is observed that the dissipated energy for the 
strengthened columns during the cycles triplets is 
stable, proving the validity of the proposed reha-
bilitation technique.

5 CONCLUSIONS

The influence of the rebar corrosion on the cyclic 
behavior of rc columns and the effectiveness of the 
application of a thin HPFRC jacket as a repair tech-
nique have been discussed in the paper, on the basis 
of three full-scale tests. The analysis of the obtained 
results allows drawing the following remarks:

− the corrosion phenomenon can strongly affect 
the global behaviour of columns subjected to 
cyclic loads. In the tested case (characterized 
by rebar corrosion of about 20% in mass loss) a 
reduction of about 30% of the ultimate force and 
mainly a reduction of ultimate displacement of 
about 50% was detected, together with a signifi-
cant stiffness decrease in the last cycles. There-
fore, the corrosion phenomenon can strongly 

affect the local (plastic hinge properties) and glo-
bal behaviour of structures in seismic zones and 
can significantly change their failure modes;

− with the application of a high performance jacket 
it is possible to increase the bearing capacity of 
the column with corroded rebars reaching a maxi-
mum strength greater than the one of the undam-
aged element. This technique is suitable for 
strengthening existing RC structures character-
ized by low concrete strength, low reinforcement 
ratio, concrete damage and corrosion of rebars.

Finally, the proposed technique can be easily used 
in structural applications as it allows strengthening 
R/C elements by means of a thin jacket (40 mm). 
Furthermore, a curing at ambient temperature and 
humidity is sufficient to grant the development of 
the full strength and a simple sandblasting ensures 
a good bond between substrate and HPFRC.
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Figure 12. Dissipated energy.
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Concrete hinge bearing replacement: A case study of concrete hinge 
collapse and broader implications for concrete hinge bearings under 
seismic effects

R.K. Dickson
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E.J. Kruger
The South African National Roads Agency SOC Limited, South Africa

ABSTRACT: In February 2012, several concrete hinge bearings collapsed under one of the spans of the 
Kakamas Bridge on National Route 14 over the Orange River in the Northern Cape, South Africa. The 
bridge was immediately closed to traffic by the South African National Roads Agency SOC Ltd (SAN-
RAL), after a span settled by approximately 100 mm. Four out of six concrete hinge bearings had collapsed 
at one pier. Emergency repair works were carried out to replace all 180 of the existing concrete hinge bear-
ings and new elastomeric bearings were installed as a retrofit to the existing bridge. This paper provides 
a case study of the collapse of concrete hinge bearings and the broader implications for concrete hinge 
bearings under seismic load effects. The paper describes a method of bearing replacement as a retrofit 
to existing bridges with concrete hinge bearings.The bridge consists of fifteen simply-supported spans of 
24 m, comprised of post tensioned I-girders, constructed in 1962. The concrete hinges were found to have 
been overstressed. Inspection revealed splitting cracks of up to 3 mm in the concrete bearings, displacement 
and spalling to numerous bearings. During the investigation it was found that the area had experienced an 
earthquake in December 2011 of magnitude 5.0 on the Richter scale and classified VI to VII on the Modi-
fied Mercalli Scale, as well as an “earthquake swarm” in the area in which 600 earthquakes were recorded in 
the magnitude range 0.5 to 5.0, from 2008 to 2012. It was found that the concrete hinge bearings had been 
severely damaged under earthquake loads and were vulnerable to collapse in seismic events.

that the concrete hinges had been displaced and 
rotated about their hinge points. Rotations of up 
to 1/11 were measured (substantially in excess of 
the recommended 1/20 limits). Numerous concrete 
hinges exhibited cracks of up to 2 mm in the throat 
of the hinges. In addition, splitting cracks up to 
3 mm wide and spalls were noted on the worst-
affected bearings.

The concrete hinge bearings had been over-
stressed and once cracked were in danger of 
collapse.

2.1 Earthquake swarm in Augrabies/Kakamas

Local residents around the bridge site reported 
experiencing a lot of earthquakes and trem-
ors. They highlighted a larger earthquake which 
occurred on 18 December 2011. The Council for 
Geoscience has confirmed that an earthquake of 
magnitude 5.0 on the Richter scale occurred in 
the area on 18 December 2011, with an epicentre 
17 km from the bridge, near Augrabies Falls, at a 
depth of 5 km.

1 INTRODUCTION

In February 2012, several concrete hinge bearings 
collapsed under one of the spans of the Kakamas 
Bridge on National Route 14 over the Orange River 
in the Northern Cape, South Africa. The bridge was 
immediately closed to traffic after a span settled by 
approximately 100 mm. Four out of six concrete 
hinge bearings had collapsed at one pier, the two 
remaining bearings were split and severely damaged.

The bridge consists of fifteen simply-supported 
spans of 24 m, comprised of post tensioned I-gird-
ers, constructed in 1962. It is a strategic link N14 
over Orange River, and is a critical link during 
harvest, as well as carrying high volumes of local 
pedestrian traffic.

2 CAUSE OF COLLAPSE

Following the collapse, a full inspection was done 
of all the remaining concrete hinge bearings. From 
inspection of the remaining bearings, it was clear 
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The Council for Geoscience have further 
reported that: “Augrabies has recently (∼2008) 
been experiencing what is termed an earthquake 
swarm i.e. a large number of earthquakes occurring 
in a relatively short space of time with no discern-

ible ‘main shock’. Only 9 earthquakes had been 
recorded in the Augrabies area during the period 
1988 to 2007 (magnitude range 1.5 to 4). However, 
since the earthquake swarm began in 2008 the 
number increased rapidly in number to over 600 
earthquakes recorded in the magnitude range 0.5 
to 5.0.” A map showing the cluster of earthquake 
epicentres in the area around the bridge is given in 
Figure 3.

2.2 Relative magnitude of Dec 2011 earthquake

The 18 December 2011 earthquake is listed for 
comparison with historically recorded earthquakes 
in South Africa in the table below. It ranks in the 
top six largest earthquakes in South African his-
tory (see Table 1). The 18 December 2011 earth-
quake is classified to have a severity rating of VI to 
VII in terms of the Modified Mercalli scale. This is 
equivalent to a Peak Ground Acceleration of up to 

Figure 2. Elevation of Orange River Bridge with col-
lapsed hinge bearings.

Figure 3. Earthquake epicentre locations in Augrabies/
Kakamas area.

Table 1. Comparison with Notable Earthquakes.

Date

Magnitude

Location 

Depth 

NotesRichter km

2010-11-13 4.8 Vanderbijlpark 10 –
2011-12-28 4.9 Klerksdorp 10  –
2011-12-18 5.0 Augrabies/Kakamas  5  –
2003-03-05 5.3 Klerksdorp –  –
1970-04-14 5.7 Ceres –  Aftershock
1969-09-29 6.3 Ceres –  12 Deaths
1932-12-31 6.3 St Lucia (KZN) –  –
1809-09-05 6.3(est) Milnerton, (Cape Town) –  –

Other notable recent earthquakes:
2010-09-04 7.1 Canterbury, (New Zealand) 10 0 Deaths
2011-03-11 9.0 Tōhoku, Japan (with tsunami) 30 15,000 Deaths

Figure 1. Collapsed concrete hinge bearings.
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0.1 g, which means that the structural load effect 
of the 18 December 2011 earthquake was up to 3.3 
times higher than the design earthquake load effect 
required to be resisted in terms of the South Afri-
can bridge design code, TMH7.

2.3 Earthquake damage to bearings

The damage to the collapsed bearings at Pier 9 is 
illustrated in Figures 4 to 6. The most likely cause 
of the bearing collapse is that the bridge bearings 
were severely cracked and damaged due to earth-
quake loading associated with the 18 December 
2011 earthquake (magnitude 5.0); and also the 
“earthquake swarm” of over 600 earthquakes, 
which has occurred in the area between 2008 and 
2012. It is therefore, a likely scenario that the bear-
ings were severely compromised by earthquake and 
then collapsed at Pier 9 under the passage of heavy 
vehicles.

Figure 4. Splitting collapse of concrete hinge bearing 
at Pier 9.

Figure 5. Collapsed concrete hinge bearing at Pier 9.

Figure 6. Splitting collapse of concrete hinge bearing 
at Pier 9.

3 EMERGENCY REPAIR AFTER 
COLLAPSE

The Client immediately initiated a make-safe 
response to collapse. This emergency repair 
required rapid mobilisation of a bridge designer 
and a contractor to carry out bridge jacking, and 
bearing replacement. Being a national route, the 
client applied pressure to have the road re-opened 
to traffic within 2 weeks, because the collapse 
occurred in the middle of agricultural harvest sea-
son. The alternative route involved a 50 km detour 
on unsurfaced minor roads, which was dangerous 
for heavy vehicles.

The road was ultimately re-opened to traffic 
within 2½ weeks after the collapse. In this repair 
contract, the bridge deck was jacked up and sup-
ported on temporary supports, then opened to 
traffic whilst bearings were removed and replaced 
with elastomeric bearings on new plinths in the fol-
lowing weeks.

3.1 Temporary support solution for rapid response

The Client, Engineer and an experienced bridge 
Contractor, who fortunately was working on an 
adjacent site some 60 km away, met on site the day 
after the bridge collapse to collaborate and engi-
neer a temporary support solution which could 
be implemented rapidly using materials and plant 
which could be obtained at short notice. As engi-
neers, the team was required to come up with unu-
sual alternative solutions in a very limited time. 
The engineer was required to take into account 
broader issues than just the bridge repair, includ-
ing economic impact for the period of the bridge 
closure and risk to public safety on alternative 
routes.
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An unusual solution was devised, which did 
not require time-consuming access and propping 
from river level (10 m below the deck). Tempo-
rary structural steel supports were designed with 
simple steel supporting beams installed under 
the bridge deck, which were suspended from 
larger I-girders spanning above the deck and 
propped off  the centre of  the piers (Fig. 7). With 
temporary supports installed at deck level, the 
risk to temporary supports due to flood dam-
age (during the high February flood season) was 
minimised.

The temporary support solution allowed sim-
plified and rapid fabrication of structural steel 
elements from hot-rolled sections, so that the tem-
porary supports could be installed in the shortest 
possible time. Once installed, the temporary sup-
port system allowed traffic to be accommodated 
between the temporary support I-girders at low 
speed through a single reduced lane-width. The 
lane width was deliberately kept very narrow so 

as to make sure vehicles travelled at slow speed as 
can be seen in Figure 8. This meant that the Con-
tractor could proceed to remove and replace the 
failed bearings without the new bearing plinth and 
bearing installation delaying the re-opening of the 
bridge to traffic.

4 COMPLETE BRIDGE BEARING 
RETROFIT

4.1 Condition of concrete hinges

Following the initial collapse, a complete inspec-
tion was done of all the remaining 174 concrete 
hinge bearings accessed using an Under Bridge 
Inspection Unit. It was found that several of 
the remaining concrete hinge bearings had been 
displaced by up to 40 mm. This resulted in rota-
tions about the hinges of  up to 1/11 (0.089 radi-
ans), which is double the recommended limit set 
out in the French code for concrete hinge design. 
The compressive working stress in the throats was 
determined to be approximately 30 MPa under full 
traffic. However, due to displacement and crack-
ing through the throats, it is estimated that com-
pressive stresses of  up to 95 MPa have developed 
in these hinges.

Crack widths of up 2 mm were measured in the 
throat of the hinges. In addition, splitting cracks 
of up to 3 mm were found on the side faces of 
the hinges (see Fig. 9 & 10). It was clear from the 
cracking and visible displacement o that the hinges 
had been overstressed and there was a risk of fur-
ther bearing collapses.

4.2 Replacement of hinges as a retrofit

The poor, to severely damaged condition of the 
remaining bearings informed the decision by the 
client to replace all of the remaining 174 bearings 
in a second six-month contract. This was carried 

Figure 7. Temporary support solution: Girders above 
deck.

Figure 9. 2 mm Crack in throat of hinge: Pier 3.
Figure 8. Limited width temporary accommodation of 
traffic.
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out in another contract to retrofit modified bear-
ing plinths and elastomeric bearings to the entire 
bridge. In the second contract, the contractor 
opted to use more simplified temporary supports, 
consisting of steel beams overhanging the top of 
the wall-type piers, which supported simple beams 
under the concrete I-girders (Fig. 11). Although 
more access was required in very confined spaces 
under the deck, this method allowed traffic to be 
more freely accommodated on the bridge during 
construction.

The complete bearing replacement retrofit 
contract was successfully carried out on pro-
gramme and within budget. Figure 12 below 
illustrates a typical pier after the complete bear-
ing retrofit.

5 BROADER IMPLICATIONS FOR 
CONCRETE HINGE BEARINGS

5.1 Concrete hinge details used at Kakamas

The Kakamas Bridge on National Route 14 over 
the Orange River was constructed in 1962, how-
ever no record drawings are available.

From inspection of the removed concrete hinge 
bearings, it is concluded that the Kakamas Bridge 
hinges were based on the Mesnager and Freys-
sinet concrete hinge design that were in wide use 
in 1950’s and −60’s. The hinges were constructed 
with dowels through the throat region. However, 
unlike the Freyssinet hinges, the bearings use on 
the Kakamas did not taper the concrete hinge at 
the throat in the transverse direction.

Concrete hinges were first pioneered through 
Mesnager’s work circa 1910, using reinforced 
concrete hinges. This was taken further by Freys-
sinet, who recognised that using the tri-axial state 
of stress in the concrete throat, the resulting com-
pression strength of the concrete throat was sig-
nificantly higher than first thought. In 1965, Fritz 
Leonhardt developed a computational model, 
nomenclature and design rules for concrete hinges 
still used today.

5.2 Concrete hinges susceptible to seismic damage

In 1962, the year of construction of the Kakamas 
Bridge, bridges in South Africa were convention-
ally not designed for earthquake load effects. Had 
earthquake loading with Peak Ground Accelera-
tions of up to 0.1 g been a consideration, such con-
crete hinge bearings would not have been used.

Whilst it is debatable what level of vibration 
could cause the failure of concrete hinges, they 
are not robust when subject to large longitudinal 
displacement and do not accommodate any lateral 
displacement whatsoever. A major consideration is 

Figure 10. 3 mm Cracks and spalling to side of hinge: 
Pier 6.

Figure 11. Typical section: Temporary support solu-
tion used for full bearing replacement project, with steel 
beams supported off  pier.

Figure 12. Completed bearing replacement.
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the physical height of the concrete hinge required 
to create double rockers able to accommodate lon-
gitudinal displacement. For the Kakamas Bridge, 
the double rockers hinges were 800 mm high. In 
the event of a bearing splitting failure, this 800 mm 
height represents a large potential energy which 
can suddenly be released in an earthquake.

The client has found from inspection of the 
Kakamas Bridge bearings and others at the Great 
Fish River that this form of concrete hinge bearing 
(without a transverse taper at the throat) has suf-
fered cracking and spalling to the transverse side 
faces. In addition, cracking in the throat section of 
the hinges has been observed. This cracking and 
spalling is consistent with the mode of failure and 
collapse at the Kakamas Bridge.

As a risk mitigation measure, the Client will 
carry out close up inspections of all bridges with 
concrete hinge bearings in the national bridge 
network in South Africa. In the case of the Great 
Fish River Bridge on National Route 2, the exist-
ing concrete hinge bearings will be replaced by 
retro-fitting with elastomeric bearings as part of a 
bridge widening project.

6 CONCLUSIONS

Following the collapse of  a series of  concrete 
hinge bearings at the Kakamas Bridge over 

the Orange River, it was found that these bear-
ings had suffered damage after an earthquake 
“swarm” in the area, which included a 5.0 mag-
nitude earthquake. After the collapse, the 
remaining bearings were found to be cracked 
and severely damaged after seismic events and 
normal traffic loading.

The primary mechanisms of deterioration of 
these concrete hinge bearings was cracking and 
spalling of the faces of the bearings. When sub-
jected to longitudinal displacements, the bear-
ings had also cracked through the throat of the 
hinges and split under applied vertical loads. In 
the remaining bearings which had not collapsed, 
cracks of up to 2 mm were measured in the throats 
of the hinges and splitting cracks of up to 3 mm 
were measured on the transverse side faces of the 
bearings.

In this rehabilitation project, existing damaged 
concrete hinge bearings were successfully replaced 
after 50 years’ service. The concrete hinge bearings 
were replaced with elastomeric bearings and seis-
mic restraint blocks to comply with modern stand-
ards. This rehabilitation project demonstrated 
that bearings can be replaced in an emergency in 
extremely short time frames, given effective col-
laboration with an experienced Client, Engineer 
and Contractor.
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ABSTRACT: This paper presents the results of  experimental studies of  natural samples of 
masonry, reinforced by a system of  external reinforcement FibArm (FRP system) with warping. 
The result determined the effectiveness of  this method of  reinforcement, and defined qualitative and 
quantitative indicators, and the mechanism of  destruction of  the samples. According to the results 
of  numerical simulation data analysis the method of  calculation was developed, which calculates 
with sufficient accuracy the increase of  the load bearing capacity of  masonry reinforced by external 
reinforcement.

2 TESTS

2.1 Test configuration

Consequences of earthquakes have been analyzed 
to determine the most vulnerable structures in 
stone buildings. These studies have showed that 
piers have the most significant impact on the over-
all seismic resistance buildings. The main damage 
of the stone walls includes inclined cracks in piers, 
arising at different directions of horizontal seismic 
load action.

The process of deformation of brick masonry 
of piers is divided into three stages, following one 
after another with increasing magnitude of the 
horizontal forces:

Stage I: Seismic forces are small; piers operate with 
a window header throughout the entire area of 
their contact, and vertical load from an upper one 
to the lower one is transmitted at all levels of the 
pier throughout its horizontal section.

Stage II: In horizontal areas of horizontal of the 
piers on the top and bottom levels of the adjacent 
openings there are cracks, and the contact between 
the lower and upper masonry is broken. In this 
stage, the transfer of vertical and horizontal loads 

1 INTRODUCTION

It is commonly known that masonry operates 
on compressive stresses and takes much worse 
tensile, shearing and bending forces. Unlike con-
ventional masonry work environment when it 
mostly takes static compressive loads with small 
eccentricities, at seismic impacts in the masonry 
walls have got a diverse mix of  dynamic loads 
(including those which provoke bending, shear-
ing, and tensile). That is why during earthquakes 
stone buildings receive the greatest damage 
compared with other types of  buildings of  mod-
ern construction. However, while meeting the 
requirements of  work performance and mean-
ingful measures aimed at improving the seis-
mic resistance of  buildings with load-bearing 
stone walls, they can be sufficiently earthquake 
resistant.

One of such measures is a device of external 
reinforcement with materials based on carbon fib-
ers. This system is used for a long time; there are a 
number of standards and regulations. At the same 
time there are significant areas for which there 
is no numerical description of the load bearing 
capacity increase. This work exactly is devoted to 
resolve one of these issues.
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to mentioned sections is carried out only along the 
length ac <2a (where a is half  width of the pier). At 
an alternating horizontal load the bonding is bro-
ken due to the cracking when the sign of the load is 
changed alternately on both sides of the pier.

Stage III: The length of the compression area is 
reduced and there is emerged a diagonal crack in 
the pier.

The same pier at different floors of  the build-
ing (Fig. 1) can be in various stages of  defor-
mation, due to changes in values and ratios of 
vertical and horizontal forces, as well as possible 
differences in terms of  strength and stiffness of 
the piers.

Taking into account the above mentioned and 
the analysis of various test configurations a con-
figuration has been selected in which the compres-
sive load is transferred along one of the diagonals 
(Fig. 2). In this case, the principal tensile stresses 
are predicted, and good repeatability of the experi-
ment is also provided.

2.2 Experiment samples

During the planning phase of the experiment the 
following samples were selected:

Series I (S-I)—check samples of brick masonry 
without reinforcement, in amount of 3 pcs.;

Series II (S-II)—experimental samples of brick 
masonry, reinforced by a carbon one-directional 
tape FibARM Tape 230/300. The number of sam-
ples in the series is 3 pcs.;

Series III (S-III)—experimental samples of brick 
masonry, reinforced by a carbon one-directional 
tape FibARM Tape 530/300. The number of sam-
ples in the series is 3 pcs.;

Series IV (S-IV)—experimental samples of brick 
masonry, reinforced by three carbon one-direc-
tional tapes FibARM Tape 230/300. The distance 
between the tapes is 200 mm. The number of sam-
ples in the series is 1 pce;

Series V (S-V)—experimental samples of brick 
masonry, reinforced by a carbon two-directional 
cloth FibARM Twill 240. The number of samples 
in the series is 1 pce;

Series VI (S-VI)—experimental samples of brick 
masonry, reinforced on both sides by three carbon 
one-directional tapes FibARM Tape 230/300. The 
distance between the tapes is 200 mm. The number 
of samples in the series is 2 pcs.;

Series VII (S-VII)—experimental samples of brick 
masonry, reinforced on both sides by a carbon two-
directional cloth FibARM Twill 240. The number 
of samples in the series is 2 pcs.

Experiment samples of series I (S-I) are 
fragments of masonry with dimensions 
1060 × 1060 × 250 mm without reinforcement. 
Brick of brand M100 was used for laying. A solu-
tion was used made in the laboratory as a brick 
mortar, with the same composition (C:S:W—
1:5:1.2) as of brand M75. Additives were not used 
in the production of the masonry that can increase 
the adhesion of the solution with a brick. Cubes 
of 70.7 × 70.7 × 70.7 mm were filled for each batch 
to determine the exact brand solution at the time 
of the test.

All samples are made of  solid masonry with 
chain system of  brick pattern. Experimental 
samples are prepared in the laboratory by an 
average bricklayer. In addition all seams both 
horizontal and vertical are completely filled. The 
samples were made without pointing of  external 
horizontal and vertical joints. The surface qual-
ity of  the samples meets the requirements for the 
application of  the composite material without 
preliminary preparation with a repair leveling 
compound.

Figure 1. The pier operation configuration.

Figure 2. Test configuration.
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2.3 Testing method

Static load testing has been carried out by special-
ists of FGBU All-Russia Research Institute for 
Civil Defense and Emergency (FC) in the labora-
tory of the Central research Institute of building 
constructions V.A. Kucherenko, division of OJSC 
SRC “Stroitelstvo”.

Load frame rack is a metal box frame structure. 
Static load is created using an oil-pumping station 
with electric motor, with manual valve and two cargo 
bilateral hydraulic jacks. The hydraulic jack the pump 
and pressure gauge was calibrated before testing.

The load on the sample was applied in steps of 
10% of the breaking load in the stage of loading, 
and of 5% at the stage close to the fracture. Stress 
was maintained at each step for 3 minutes followed 
by fixation of deformations.

For metrological assurance of testing dial gauges 
were used with a scale of 0.01 mm, on the basis of 
800 mm, located along the diagonals, and an accel-
erometer. The dial gauges were installed on both 
the brick surface and the application of composite 
materials.

2.4 Results of testing

During the tests there were determined:

− Compressive and tensile deformation of 
masonry;

− Rupture load.

Destruction of samples of series I
The nature of all fractures is unstable; it is prac-

tically instantaneous fracture of the sample with a 
single crack.

Destruction schemes are presented in Fig. 3.
Destruction of the reinforced samples.
The destruction of all the samples occurred 

according to the scheme, similar to the scheme 
of destruction of the control samples: there was 
one crack along the compressed diagonal, i.e. 
upon masonry achieved limits on the main tensile 
stresses.

The nature of all the destructions is unstable; 
it is almost instantaneous fracture of the sample. 
Deformability of the reinforced samples compared 
to the control series is not increased.

There is a rupture of carbon fiber from the 
masonry surface with a surface layer of bricks and 
the mortar.

Schemes of the reinforced samples destruction 
of the series are presented in Fig. 5.

The values of the bearing capacity of masonry 
without reinforcement and with reinforcement are 
presented in Table 1.

The results of the expansion of efforts into com-
pression and shearing are given in Table 2.

The experiment found that all the reinforced 
samples after reaching the maximum load were 
subjected to unstable (instantaneous) fracture. 
With the destruction of the reinforced samples of 
series II-VI there was a rupture of carbon fiber 
from the masonry surface with the surface layer of 
bricks and the mortar. The destruction of the rein-
forced samples of series VII was accompanied by a 
rupture of carbon cloth along one direction of the 

Figure 3. Destruction scheme of the sample S-I.

Table 1. Bearing capacity of masonry of the samples.

Series
The series
namber P, kgf

Average
P, kgf

Increase
in P,%

S-I S-2 50060  50392 0,00%
S-3 50724

S-II S-II-1 63978  66120 31,22%
S-II−2 66630
S-II−3 67754

S-III S-III−1 70119  71322 41,53%
S-III−2 73041
S-III−3 70806

S-IV S-IV−1 74766  76506 51,82%
S-IV−2 77865
S-IV−3 76887

S-V S-V−1 84588  84570 67,82%
S-V−2 85863
S-V−3 83261

S-VI S-VI−1 99303  99400 97,25%
S-VI−2 101545
S-VI−3 97351

S-VII S-VII−1 102915 102471 103,3%
S-VII−2 104511
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fibers, and the fiber rupture begins to develop from 
the end and go to the cloth center.

In this case, the samples deformation process is 
of the unstable nature. The load on the samples 
during the testing was performed up to complete 
destruction of the sample.

According to the results of  static tests the 
generalized diagram of  masonry are built in rela-
tive values (Fig. 4–5), featuring by an increased 
load bearing capacity of  the reinforced samples, 
depending on the application parameters. Rela-
tive deformations were obtained by dividing the 
absolute values of  the length by the measure-
ment base length (800 mm); the relative loads 
by load bearing capacity of  samples of  series I 
(51,195 kgf).

3 METHODS OF CALCULATION

As a result of the analysis of the data obtained 
during the experiment and computer numerical 
simulation a method was developed calculating the 
load bearing capacity of reinforced masonry piers 
(in the external reinforcement).

Coefficient of external reinforcement k is taken 
as the reinforcement rate, equal to:

k
A
A

b R naA

kA fib b fii ibff fiR bii
i= ⋅ ⋅

 
(1)

where, Ak is surface area of the masonry, m2:
bfib is width of carbon fiber, m:
δfib is thickness of the one layer tape, m:
Rfib is average value of carbon fiber tensile break-

ing stress, Pa:
n is number of carbon fiber layers.
The resulting value of increasing shearing force 

of reinforced masonry with respect to the stand-
ard, defined as the projection of the vertical load 
onto the horizontal axis of the sample, can be 
determined by the following dependence:

Q Q( )( )k ⋅k + ) 0QQ)k + ) −  
(2)

where Q0 the load bearing capacity of masonry 
without reinforcement, is taken to be equal to the 
load bearing capacity with the action of the princi-
pal tensile stresses according to a formula: 

Q0QQ ≤
R hLtq

½  
(3)

where h is the thickness of the wall; L is the length 
of the reinforced wall area; ν is the irregularity 

Table 2. Evaluation of shearing forces of the samples.

Series
indentification
number P, kgf Q, kgf

Increase in 
shearing force 

Q, kgf %

S-I  50392 35288 – –
S-II  66120 46303 11015  31.21
S-III  71322 49945 14657  41.53
S-IV  76506 53576 18288  51.82
S-V  84570 59223 23935  67.82
S-VI  99400 69608 34320  97.25
S-VII 102471 71758 36470 103.35

Figure 4. Deformation of masonry (compression).

Figure 5. Deformation of masonry (elongation).
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coefficient of the shearing forces in the cross sec-
tion. For rectangular cross sections ν is allowed 
to take 1.5; Rtq is design resistance to the masonry 
shear fracture, compressed by design force N, 
defined with an overloading coefficient of 0.9 by 
the formula:

R R (Rtq tw tw 0+R (Rtw tw σ )
 

(4)

where Rtw, the design resistance to the principal 
tensile stresses, is determined by test results or 
according to the regulatory documents; σ0 is ten-
sion of compression by force N, equal to:

σ 0
0,9N
Lh

=
 

(5)

The developed method of calculation with suffi-
cient accuracy determines the load bearing capac-
ity of the reinforced masonry. Within the analysis 
carried out the experimental data was compared 
with the calculated results according to the pro-
posed method. The results of the calculation are 
presented graphically in Figure 9.

As we can see, the proposed dependence with 
sufficient accuracy for practical calculations, with 
a margin of 15%, describes the change in the 
strength and geometric features of reinforcement 
of the experiment samples of masonry with com-
posite materials. In addition, this dependence, in 
our opinion, may also be suitable for other cases 
of reinforcement, namely for reinforcement of 
masonry over the entire surface in several layers.

4 CONCLUSIONS

1. The external reinforcement systems based on 
carbon fibers (FibArm products of CJSC “HC 
“Composite”, Russia) are effectively included 
in the operation of masonry, and allows the 
load bearing capacity of masonry on the prin-
cipal tensile stress for 30–120% depending on 
the reinforcement parameters (physical and 
mechanical features of the composite, area of 
reinforcement relatively to the total structure 
surface area, thickness and number of number 
of reinforcement layers). At the same time 
obtained schemes of destruction indicate the 

need for cautious and informed approach to the 
appointment of safety factors in order to pre-
vent unstable fracture.

2. The developed method with sufficient accu-
racy for practical calculations determines the 
increase in shearing force of masonry due to use 
of external reinforcement FibArm.

3. It is reasonable to carry out additional studies 
to expand the scope of the external reinforce-
ment system FibArm by using other parameters 
of the reinforcement and determining the maxi-
mum safety factor for different structures.
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ABSTRACT: The research programme was designed to present the performance of repair on horizon-
tal surfaces through trial works on models, such as for example on bridge concrete slabs whose deterio-
rated surface layer needs to be removed and the pavement slab reshaped by applying the repair system 
procedure. The aim of the investigation was to determine optimal technology for the concrete surface 
preparation and the type of repair material which meets the new adhesion criteria (fa ≥ 2.0 N/mm2). Pull-
off  testing, roughness measurement and microscope analysis were used for evaluation of applied repair 
systems.

1 INTRODUCTION

During life time, structures are exposed to different 
environments. Penetration of aggressive agents, 
into concrete protective layer leads to degradation 
of reinforced structures. Extensive deterioration 
due to agents such as chlorides is often found on 
roadways, were solutions with high chloride con-
centrations are used to prevent freezing. In such 
cases, repair is mandatory to maintain an adequate 
serviceability.

On Figure 1 deterioration of bridge deck caused 
by leaking of chloride solution through different 
layers of pavement presents a typical case. Usu-
ally, degradation is retained in concrete protective 
layer.

One of the most common forms of concrete 
structure repairs pertains to the procedure of 
removing damaged or contaminated concrete, as 
well as to its rehabilitation with repair mortars or 
concretes. The repair procedure usually takes place 
in the zone of the reinforcement protective layer, 
and consists of a number of stages as follows: sur-
face preparation (using well-known technologies 
for removing concrete layers and for preparing for 
the application of new layers, Figure 2), applica-
tion of the bonding coat, and application of repair 
material in accordance with the conditions of plac-
ing a new reshaped layer by using repair mortars 
and concretes.

Figure 2. Available technologies for removal of dam-
aged concrete (Emmons, 1993).

Figure 1. Deterioration of bridge deck slab.
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Removing concrete mainly refers to the removal 
of damaged or contaminated concrete, but in 
some cases even healthy concrete is removed to 
assure proper repair. Chosen procedure needs to 
be efficient, safe, cost-effective, and should mini-
mize damage of the persisting concrete. If  should 
be taken into consideration, that different tech-
nological process have diverse influence on struc-
ture due to the operational forces during concrete 
removal. Accordingly, most important criteria for 
process selection is the “soundness of underlying 
concrete”, i.e. reduced appearance of micro cracks 
(Radic 2008).

2 EXPERIMENTAL PROGRAM

In this paper an investigation was carried out to 
evaluate influence of damaged concrete quality, 
concrete removal technology and type of repair 
material on the quality of repair works. Pull-off  
testing, roughness measurement and microscope 
analysis of microstructure were used. The obtained 
results were analysed according the new criterion 
for adhesion between the repair concrete and exist-
ing concrete of 2.0 N/mm2 set in European stand-
ards. Up to date, proper repair was considered when 
adhesion using pull off method was 1.5 N/mm2.

Trial works have been conducted on the total 
of 6 models of concrete slab shapes with dimen-
sions 120 × 80 × 15 cm. Blocks are differentiated 
according to concrete quality of the surface, i.e. 3 
concrete slabs are made of concrete class C25/30 
(mark B) and 3 concrete slabs are made of concrete 
class C35/45 (mark A).

The following parameters have been varied in 
the experimental program:

− quality of the substrate concrete,
− concrete surface preparation technology and
− type of material for rehabilitation.

2.1 Surface preparation technologies

The concrete protective layer was removed from 
concrete slab models at the age of 28 days. Three 
different technologies were used for concrete 
removal, i.e. for surface preparation:

a) water under high pressure or hydrodemolition 
(mark HD), Figure 3a,

b) mechanical pneumatic removal of concrete 
(mark PH), Figure 3b,

c) wet sandblasting (mark PJ), Figure 3c.

2.2 Composition of repair materials

Different types of concretes were used for repair: 
without additives and bonding coat, with silica 

fume without bonding coat, with latex with and 
without the bonding coat.

Cement CEM I 42.5R, gravel aggregate fractions 
0–4 mm and 4–8 mm, superplasticiser based on 
polycarboxylate ether, latex polymer additive, silica 
fume and water have been used for the preparation 
of repair concretes. The bond coat used with the 
mixture marked LMC+ is made of a latex/water/
cement/sand mixture in a 1:2:2:2 ratio. Composi-
tion of repair materials can be found in Table 1.

Concrete preparation for the over layer has been 
conducted by mixing concrete in a laboratory, and 
by placing it onto the previously prepared surfaces 
of concrete substrate. Four squares have been 
placed on each block of concrete (divided into four 
quarters). All repair concretes have been applied 
onto the previously wetted concrete surface (by 
spraying with water mist).

In this way six different slabs (marks: AHD, 
BHD, APH, BPH, APJ, BPJ) were prepared with 
three different technologies of concrete removal 
(HD, PH, PJ) for each existing concrete quality 
(A and B), Figure 4.

Curing of repair concretes marked OC and SFC 
was carried out by wetting over a 7-day period, 

Figure 3. Surface preparation of concrete model slabs: 
a) with water under high pressure (hydrodemolition), 
b) by mechanical pneumatic removal of concrete, c) by 
wet sandblasting.

Table 1. Composition of repair materials.

Components OC SFC LMC

Cement 400 370 400
Water 160 148 160
Superplastisizer 4 3.7 –
Silica fume – 30 –
Latex – – 80
Aggregate 1822 1851 1658
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while concretes marked LMC i LMC+ were cured 
first two days only. This difference in concrete cur-
ing is a consequence of adding latex as a polymer 
additive.

2.2.1 Research methods
Properties of concrete substrate, quality of pre-
pared surface and performed rehabilitation were 
tested according to following standards:

− compressive strength (HRN EN 12390–3),
− static modulus of elasticity (HRN U.M1.025),
− pull-off  test (HRN EN 1542).

Roughness of the substrate concrete was investi-
gated using calliper method. Microscope structure 
analysis was used for assessing quality of interface 
between exiting and repair concrete.

2.3 Results and discussion

2.3.1 Properties of repair materials
Tables 2 present the repair concrete properties. 
It is evident silica fume has positive influence on 
compressive strength, modulus of elasticity and 
tensile strength values, whereas adding latex effects 
on decrease of those properties if  compared to the 
ordinary repair concrete.

Figure 4. Placement of repair concrete on prepared sur-
face of concrete substrate (left) and overview of model 
slabs (right).

Table 2. Properties of repair concrete in hardened 
state.

Property OC SFC LMC

Compressive strength after 28 days 
(N/mm2)

59.7 63.8 44.9

Static modulus of elasticity (GPa) 33.9 36.2 20.2
Pull-off  tensile strength (N/mm2) 4.50 4.68 3.68

Figure 5. A presentation of logged roughness profiles for all three types of surface treatment (on concrete blocks—
series A): a) by hydrodemolition, b) by mechanical pneumatic technology, c) by sandblasting.
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2.3.2 Roughness of treated top surfaces
After concrete protective layer was removed from 
concrete slab models, roughness of treated top 
surfaces was measured using a calliper. Results are 
presented in terms of selected roughness profiles 
and averaged roughness values for each slab (Fig-
ure 5, Table 3).

The test results indicate that minimal rough-
ness is obtained by sandblasting, and maximal 
roughness when using a mechanical pneumatic 
technology.

2.3.3 Adhesion properties of repair concretes
After laying a repair concrete overlay, it is neces-
sary to examine the achieved adhesion between 
new and old material. Testing is performed using 
pull off  method, together with visual inspection of 
interface, at different ages of repair material.

According to the standard (HRN EN 
1542:2001), a small metal plate is glued on repair 
material and after sometime a force is applied until 
failure. Test results include both the force value 
and visual observation of the failure zone.

When rehabilitation is made using repair mor-
tars or concretes, a failure can occur in concrete 
substrate, on the contact between new and old 
material, within the repair material, in glue layer 
between the metal plate and repaired surface, or by 
combining all previous fracture modes

The mode of fracture and the value of achieved 
adhesion give important information about the 
properties of repair system, i.e. the quality of 
repair concrete and its bond with old concrete.

With the aim to gain a better insight into the 
development of bond strength during time, adhe-
sion tests were performed at the repair concretes 
age of 28 and 90 days. Figure 6 shows the example 
of the adhesion testing implementation. An over-
view of adhesion average values obtained from all 
tests is presented in Table 4 (Mavar & Skazlić 2012, 
Skazlic & Mavar 2013).

It is evident from Table 4 that adhesive strength 
increases with time for all repair systems. According 
to (Bonaldo et al. 2005) excellent adhesion values 
were achieved with surface treatment performed 

by hydrodemolition (HD) and sandblasting (PJ), 
regardless of the type of repair system, even 
though the actual roughness of sandblasted sur-
faces is significantly lower. With mechanical pneu-
matic technology (PH) surfaces roughness is high, 
but the achieved adhesion is significantly lower, 
which indicates that there are other factors which 
influence the roughness test results. It is visible 
that only surface treatments by hydrodemolition 
and sandblasting satisfy the criteria of adhesion 
(≥ 2 MPa) after 28 and 90 days for both used con-
crete substrate qualities. This is due to the presence 
of micro cracks in underlying concrete, when sur-
face is prepared by pick-hammer.

Interface between old concrete and repair material 
is examined using optical microscope. Figure 7 shows 
the microstructure of the interface between dam-
aged and repair concrete for different technologies 
of concrete removal and repair systems.

Sandblasting process is applied on Figure 7a were 
repair system consists from bonding coat and con-

Table 4. An overview of average values of achieved 
adhesion on surface concretes type A and B.

Slab mark Average values of adhesion (N/mm2) 
at specified repair concrete age

28 days 90 days

AHD 2.53 3.28
BHD 2.28 3.19
APH 1.12 0.98
BPH 0.38 0.69
APJ 3.09 3.55
BPJ 2.66 2.85

Figure 6. Surface preparation and pull off  adhesion 
testing.

Table 3. Statistical analysis values of measured rough-
ness for all 6 concrete surfaces.

Type of surface HD HD PH PH PJ PJ

Block mark A* B** A B A B
Standard deviation 

σhr (mm)
6.29 8.00 8.72 8.28 1.13 0.85

Range between 
− 2σ to + 2σ (mm)

25.1 32.0 34.9 33.1 4.5 3.4

*C35/45, **C25/30.
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crete with latex. In the case showed on Figure 7b, 
concrete removal was performed by hydrodemoli-
tion and as repair system concrete with silica fume 
was applied without any bonding coat. In both cases, 
it is evident that a good quality interface bond was 
established, whereby in case 7a bonding layer was 
clearly expressed. Figure 7c shows a repair system 
were concrete surface was prepared by mechanical 
pneumatic technology and concrete with latex was 
used as repair material. Interface area is of lower 
quality compared to previous two cases, as micro 
cracks are present in underlying concrete.

2.3.4 Correlation between concrete surface 
roughness and adhesion values

Visual inspection and measurements of roughness 
imply an evident difference between used surface 
preparation technologies, and their impact on the 

interface quality bond. Here, only macro rough-
ness is measured as this represents an engineering 
level and has a major influence on the adhesion 
properties of repair systems (Garbacz, et al. 2005, 
Albers et al. 2006, Naderi 2005, Fagerlund 2004, 
Saccani & Magnaghi 1999).

Based on the accomplished results (Figure 8), 
relationship between surface roughness and adhe-
sion can be established:

a) In relation to individual adhesion results
It was shown that surface concrete preparation 
by hydrodemolition and sandblasting gives equal 
adhesion values, regardless of the degree of surface 
roughness. Although highest roughness is achieved 
with mechanical pneumatic technology, obtained 
adhesion values are much lower.

b) In relation to the set adhesion criteria (fa > 2,0 
N/mm2)
This requirement is met when surface of substrate 
concrete was prepared by hydrodemolition and sand-
blasting, which is not the results of measured rough-
ness. In case when surface preparation was done using 
mechanical pneumatic technology prescribed quality 
was not assured, despite high surface roughness.

2.3.5 Influence of bonding coat on the quality of 
interface between substrate and repair system

During experimental work, bonding layer was 
only applied within repair system labelled LMC+ 
(LMC system with bonding coat). After detailed 
examination of adhesion values for all tested repair 
systems, following was concluded:

− concrete with addition of latex when used with 
bonding coat (LMC+) has 40% better

− adhesion if  compared with the same repair 
material without bonding layer (LMC),

− concrete with addition of latex when used with 
bonding coat (LMC+) has similar adhesion as 
concretes with addition of silica fume (SFC) 
without bonding layer.

3 CONCLUSIONS

Based on the results of conducted experimental 
research following conclusion are made regarding 
adhesion properties of repair material:

− The quality of concrete substrate has minor 
influence on the adhesion of repair system. Its 
influence is pronounced only in case when sur-
face is prepared using mechanical pneumatic 
technology, due to the appearance of micro 
cracks in underlying layer.

− The roughness of substrate has no direct effect 
on the accomplished adhesion of repair system, 
but presence of micro cracks in existing concrete 

Figure 7. Interface of old (type A) and repair concrete 
for different technological process of concrete removal: 
a) sandblasting, b) hydrodemolition, c) mechanical pneu-
matic technology.
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found to be important. Surface preparation 
using mechanical pneumatic technology is there-
fore considered inappropriate.

− Adhesion of repair system is increased with its 
age.

− At the age of 28 day, adhesion requirement 
(fa > 2.0 N/mm2) is achieved by following repair 
systems:
• Concrete with addition of silica fume without 

bonding layer,
• Concrete with addition of latex when bonding 

coat is applied.
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ABSTRACT: The M4 Elevated Section in West London is a 1.9 km concrete viaduct structure provid-
ing a major arterial route into London. An intervention model bringing together structural assessment 
and forecast deterioration, corrosion modeling and cracking has been developed to prioritise structural 
rehabilitation of the substructure crosshead beams. To evaluate residual strength an initial assessment 
of crossheads was undertaken, which identified a deficiency in tensile capacity at the ends of the cross-
head cantilevers compared to current demands. Further assessment has been undertaken, including three 
dimensional strut and tie, non-linear finite element analysis and plastic analysis, to confirm public safety 
with continued trafficking of the structure, and to determine the need for strengthening.

Additionally extensive monitoring of the crossheads has been implemented including mapping of all 
cracks, and remote crack monitoring to safeguard the substructures and allow early interventions. The 
long term maintenance strategy brings together strengthening and cathodic protection concrete preserva-
tion methods with removal and repair of concrete delamination.

This paper discusses the development of the prioritisation process including deterioration mod-
eling, together with the extended structural analysis to formulate a strengthening programme for these 
substructures.

between spans. Asphaltic plug deck joints are pro-
vided between decks above the upstand.

1.2 Strategic management principles

The M4 Elevated Section forms part of the M25 
Design Build Finance and Operate (DBFO) con-
tract. The DBFO concessionaire is Connect Plus, 
who have a contract with the Highways Agency to 
maintain the project network for the 30 year con-
tract duration.

The key contractual obligation for Connect Plus 
is to hand back the M4 Elevated Section at the end 
of the 30 year contract in a no worse condition 
than that agreed at a condition assessment com-
pleted at contract commencement. The success 
in achieving these requirements will be measured 
through expenditure and lane closure tests where 
it is required that any works in the 15 years fol-
lowing contract completion should not exceed 
125% of those measured in the final 15 years of 
the contract.

To achieve these requirements it is essential to 
understand the current condition of the crossheads, 

1 INTRODUCTION

1.1 Overview of the elevated structure

The M4 motorway in West London is supported 
on an elevated reinforced concrete viaduct 1.9 km 
in length. The elevated section carries the M4 dual 
two lane motorway above and parallel to the A4 
dual carriageway, forming a major arterial route in 
to central London. The structure incorporates 103 
concrete crossheads supporting the mainline and 
a further 23 crossheads supporting the Junction 
2 slip-roads.

The elevated structure comprises simply sup-
ported decks, typically with 16.2 m span lengths, 
formed of pre-stressed concrete beams with an 
in-situ concrete deck. The substructures are typi-
cally single pier reinforced concrete with cantilever 
crossheads supporting the decks via elastomeric 
bearings. The crossheads incorporate nibs that 
extend out from the lower section of the crosshead 
cantilevers, forming the bearing shelves. The cen-
tral section of the crosshead extends up to the top 
of deck level and directly supports the carriageway 
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its change with time and external factors such as 
drainage. It was therefore necessary to develop a 
strategy for the management of the M4 elevated 
substructures over a 45 year period.

The objective of the strategy was to maxim-
ise the operation of the assets and optimise total 
spend by evaluating the appropriate points at 
which interventions should be undertaken. Avail-
ability of the highway was a key factor because the 
contract includes financial penalty for periods of 
unavailability. The best theoretical strategy for the 
M4 elevated was initially found to be to schedule 
maintenance works interventions only where they 
became necessary to maintain structural capacity. 
However, as discussed in section 2, it soon became 
clear all crossheads first needed strengthening to 
meet current demands and this needed to be imple-
mented ahead of operation of the long-term main-
tenance strategy. Other considerations affected 
long-term maintenance prioritisation including 
ease of access to different crossheads and control 
of other risks to public safety such as that posed by 
spalling concrete.

The time when refurbishment would become 
necessary was determined. This process brought 
together corrosion modeling to estimate the degree 
of reinforcement corrosion and strength loss with 
the overall structural assessment. From chloride 
sampling taken from the M4 elevated crossheads 
the corrosion modeling evaluated the time dura-
tion for the level of chlorides to reach 0.3% of 
cement content at the depth of reinforcement. 
This threshold level was considered to be the point 
where active corrosion of the reinforcement was 
instigated and an assumed rate of corrosion was 
applied to the affected bars (BRE 2009).

To develop the long-term maintenance strategy 
it was necessary to put in place a system to priori-
tise intervention. A scoring system was therefore 
developed considering primary deterioration indi-
cators on which each substructure could be evalu-
ated. This considered in particular:

• structural capacity compared to demand
• predicted deterioration rate (based on chloride 

levels and half-cell survey results)
• concrete delamination extents
• crack extents
• existence or otherwise of cathodic protection
• traffic management requirements, access issues 

and disruption to the travelling public.

Each of these characteristics was weighted 
depending on the level to which they dictate the 
intervention prioritisation of the substructures. A 
threshold level was determined representing a level 
of deterioration where intervention is necessary 
and a time to intervention for each crosshead, and 
an indicative works programme was produced.

1.3 Current condition

The crosshead substructures have been suffering from 
extensive corrosion and concrete delamination caused 
by salt water ingress (from winter maintenance) 
through deck joints, evidenced by extensive water 
staining. As part of continued maintenance strategy 
to the structure, several rehabilitation and prevention 
methods have been employed including removing 
large areas of delaminated cover concrete, concrete 
repair, and the application of cathodic protection 
and netting. Site testing has confirmed the chloride 
concentration is significantly in excess of the 0.3% 
threshold associated with high risk of active corrosion 
occurring (up to a maximum of ∼8%). The presence 
of reinforcement corrosion is further supported by 
half-cell potentials taken from the structure exceeding 
−350 mV (CET Safehouse 2012), indicating a greater 
than 90% probability of corrosion occurring.

Some cracking has occurred on many of the 
crosshead ends concentrated at the re-entrant 
corners. This location acts as a halving joint and is 
subject to high stress concentration, therefore some 
degree of cracking is expected. However the crack 

Figure 1. General view of the M4 Elevated Sub-
structures.

Figure 2. Location of cracks at crosshead cantilever ends.
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extents needed to be carefully monitored. In some 
locations the cracking has propagated between the 
re-entrant corners to ‘join up’. This behavior indi-
cates a progress loss of concrete tensile strength 
and subsequent transfer of loading on to the avail-
able vertical reinforcement which is of concern as 
discussed in section 2.1.

Due to the shape of  the crossheads, it is impos-
sible to inspect the condition of  the concrete 
faces adjacent to the deck ends. Principally test-
ing has focused on the accessible vertical faces 
and crosshead soffits, both of  which are typically 
in poor condition. It is considered possible that 
conditions at the inaccessible faces are suffering 
at least the same level of  corrosion as the visible 
faces.

1.4 Deck joints

Water penetration through the deck expansion 
joints has been reported since the mid 1980s. A 
programme of expansion joint replacements to 
all crossheads has recently been completed which 
involved removing the life expired Asphaltic Plug 
Joints (APJ) and replacing these with high modulus 
asphaltic plug joints with improved whole life cost 
performance. The original design had a discrete 
APJ above each expansion joint. The replacement 
joints extend over both expansion joints across the 
full width of the crosshead.

Provision for subsurface drainage in the joints 
was improved but subsequent surveys have shown 
significant amounts of water continuing to pen-
etrate the deck joints, probably beneath the sur-
facing and under the joint, resulting in on-going 
contamination of the crossheads. An additional 
problem is that the APJ extends only between ker-
blines; water can thus penetrate through the verges 
and central reserve.

1.5 Control of concrete spalling

Significant areas of concrete delamination are 
present on the elevated substructures. The poten-
tial for delaminated concrete to fall on to the A4 
dual carriageway directly beneath the M4 elevated 
section has been taken seriously and carefully 
assessed to mitigate this risk.

To overcome the risk from falling concrete, a net-
ting system has been installed around the crosshead 
cantilevers. This netting is designed to catch the 
full cover concrete without significant deflection 
or damage to the netting occurring. Additionally 
a regular regime of delamination surveys has been 
put in place to identify areas of deteriorated con-
crete before they become delaminated from the sub-
structures. These delamination surveys are carried 
out on a three month basis with interim six weekly 

surveys carried out on crossheads with the worst 
rate of delamination particularly during the winter 
months where the risk of delamination is greater 
due to freeze-thaw action. Further mitigation is 
provided through regular walk through inspections 
examining the netting for any captured concrete, 
which would indicate acceleration in deterioration.

Loss of concrete section has also exposed large 
areas of reinforcement as shown in figure 3, exposing 
reinforcement to accelerated atmospheric corrosion.

2 SUB-STANDARD STRUCTURE 
MANAGEMENT STRATEGY

2.1 Initial structural assessment

An initial assessment of the crosshead structures 
was undertaken based on record drawings to 
determine live load capacity and its sensitivity to 
reinforcement corrosion. The assessment demon-
strated that the majority of each crosshead was 
able to carry 40 tonne assessment loading, but 
the light vertical reinforcement in the end 3 m of 
each cantilever was overstressed. The location of 
the bearing shelves below the top of the crosshead, 
where the main flexural reinforcement is provided, 
necessitates load transfer up to this reinforcement. 
The vertical reinforcement provided at the ends of 
the cantilevers was found to be inadequate to cater 
for current loading demands. Additionally, current 
codified minimum reinforcement requirements 
were not met. This made the presence of cracks as 
shown in Figure 2 a concern.

2.2 Management strategy formulation

Following the conclusions of the initial struc-
tural assessment a rigorous management regime 
was implemented in accordance with BD 79/06 
(Highways Agency 2006). This regime included 
a thorough examination of the likelihood and 

Figure 3. Concrete delamination on crosshead canti-
lever faces.
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implications of non-intervention, together with 
instigating a detailed inspection regime focusing on 
the ends of the crossheads where the start of any 
potential failure mechanism would first manifest 
itself. The management regime focused on a risk 
based approach to protecting public safety, putting 
in place defined trigger levels in the event any evi-
dence of structural deterioration was identified.

The following actions were undertaken to ascer-
tain the optimum management strategy for the M4 
elevated substructures:

• Extended analysis considering three dimensional 
strut and tie analysis, non linear concrete model-
ling and considerations of reinforcement strain 
hardening.

• Assessment of ductility of potential failure 
mechanisms and hence the amount of warning 
these would give.

• Detailed inspection of the substructures at can-
tilever ends to identify evidence of initiation of 
a failure mechanism.

• Analysis of the impacts and disruption to the 
travelling public in the event of emergency clo-
sure, including the elevated accident risk associ-
ated with traffic diversions.

• Design and procurement of contingency meas-
ures to be mobilised immediately in the event 
evidence of accelerated structural deterioration 
was identified.

2.3 Refined structural analysis

Refined analysis was undertaken to optimise the 
predicted load carrying capacity of the crossheads 
and to inform behaviours mechanism. Extended 
analysis considering both strut and tie modeling 
and non-linear concrete modeling was undertaken.

The strut and tie analysis considered optimisa-
tion between two load paths available at the end of 
the crosshead. The first load path represented the 
transfer of load vertically from the bearing loca-
tions to the flexural reinforcement at the top of the 
crosshead section (refer to diagram 5).

The second strut and tie load path considered 
took advantage of concrete compression struts 
in the lower portion of the crosshead to transfer 
the bearing loads to the bent up bars closer to 
the pier. This load path reduces the load required 
to be carried on the vertical links but requires a 
tensile tie to be available directly below the bear-
ing shelves. Record drawings indicate there is only 
one 25 diameter bar located at the top of the nibs 
which could provide this resistance. However cover 
meter surveys confirmed that the bars curtailed 
without end anchorage as indicated on the record 
drawings.

The load capacity of the crosshead cantilever 
ends was optimised by superimposing the resist-
ances provided by both load paths. However the 
contribution of the second load path is limited 
by the contribution of the longitudinal tension 
bar within the nibs, therefore it was not possible 
to generate significant benefits over and above the 
predictions of the initial analysis.

In tandem a non-linear concrete model of the 
crossheads was developed to investigate potential 
strength benefits and to provide greater certainty as 
to how a failure mechanism would ultimately develop. 
The model incorporated all reinforcement and con-
sidered a rigid connection to the concrete, therefore 
not taking in to account bond characteristics. The 
analysis was performed in Abaqus using its ‘concrete 
damaged plasticity’ model for concrete behavior. The 
analysis considered tensile cracking, tension soften-
ing and compressive crushing of the concrete.

This analysis showed that for relatively small 
tensile concrete characteristic strength (∼1 N/mm2) 
the concrete was able to transfer the bearing loads 
and remained uncracked at the end of the canti-
lever. Model failure scenarios occurred at the can-
tilever root at a much higher load than applicable. 
This was not considered realistic because the model 
did not properly take account of the potential brit-
tle fracture of the concrete arising from high stress 
concentrations at the crack tip, nor the presence of 
pre-existing shrinkage cracks or voids.

To reduce the influence of concrete tensile 
strength, the analysis was re-run for lower concrete 
tensile strengths which then gave very similar results 
to the strut and tie approach, as would be expected 
since it ignores concrete tensile strength. For low 
concrete strengths, cracks propagate at the cross-
head ends under lower loading conditions, result-
ing in redistribution of force to the vertical bars in 
the crosshead ends and ultimately ductile failure at 
a load lower than that required. For higher con-
crete strengths, failure occurs above the required 
load but is governed by concrete tensile failure and 
is hence brittle. This resistance model could not 
be relied upon and hence adequate strength of the 
crossheads could still not be demonstrated.

Figure 4. Existing reinforcement within the crosshead 
cantilevers.
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2.4 Consideration of overall failure mechanism 
and strain hardening

The refined analyses in section 2.3 still focused 
on the crosshead in isolation and not the poten-
tial for any redistribution of load to elsewhere in 
the structure upon localised failure. To understand 
the additional reserve of strength, the combined 
superstructure and substructure was considered as 
a single structural system.

A ductile failure, ignoring concrete tensile 
strength, occurring anywhere in the final 3.0 m of 
a crosshead cantilever was considered. This part 
of the crosshead supports the verge, 600 mm hard 
strip and a proportion of the inside traffic lane (the 
M4 motorway having no hard shoulder in this loca-
tion). In the event the cantilever ends displace, and 
support is lost to the outer deck bearings, the deck 
itself  can span transversely due to the presence of 
end diaphragms and concrete infill between the 
beams. In reality, the ductility of the vertical steel 
in the crossheads means that the two mechanisms 
can be superposed, thus adding strength in excess 
of the predictions of section 2.3.

Reinforcement test data also concluded the ulti-
mate steel strength is greatly in excess of the yield 
strength by 45% as a minimum. When strain hard-
ening was additionally considered it was possible 
to demonstrate that the full traffic loading could 
be carried at the ultimate limit state, albeit with 
significant plastic deformation and damage occur-
ring to the crosshead cantilever and adjacent decks 
leaving the structure unserviceable and very expen-
sive to repair.

Whilst this gave confidence overall collapse 
would not occur, a residual concern that lumps of 
concrete might spall under the high strains and fall 
on to the A4 below was considered. This risk was 
however mitigated by the presence of the protec-
tive netting described in section 1.5.

In light of this analysis and mitigation, the over-
all risks to public safety from continued operation 
in the short to medium term were considered to be 
low if  suitable monitoring was also put in place as 
discussed in section 3. However, it was concluded 
strengthening was required to maintain adequate 
reliability long-term. This is discussed in section 4.

3 STRUCTURAL MONITORING

A detailed regime of structural monitoring was put 
in place to identify early signs of structural deterio-
ration to allow intervention before damage occurs.

Monitoring has been implemented on a risk 
based approach with focus being on the piers show-
ing the greatest cracking. A series of trigger levels 
was defined based on risk level. DEMEC studs 

have been installed at all re-entrant crack locations 
and a 3 monthly programme of re-measurement 
has been implemented. Where cracking extends 
the full distance between re-entrant corners the 
affected crossheads are classed as high risk and real 
time monitoring devices have been installed over 
the cracks. These devices take regular measure-
ments of displacements parallel and perpendicular 
to the cracks and the data can be remotely access 
through a web based portal. The monitoring data 
is constantly interrogated to identify any signs of 
progressive deterioration through steady increas-
ing crack length and width.

Typically the monitoring shows a very high cor-
relation with temperature affects, with both daily and 
seasonal changes observed. Various methods have 
been used to remove these temperature affects with 
varying degrees of success. They do not prevent long 
term trends being identified, which in the case of 
some crossheads do show progressive crack increase.

Trigger levels for crack width (based on localised 
reinforcement yielding) have been set. If they are 
exceeded, temporary interim strengthening meas-
ures have been designed and fabricated and are 
available to be installed rapidly. In accordance with 
the requirements of BD 79, strengthening of all the 
deficient regions is programmed within three years.

4 STRENGTHENING AND PROTECTION

To provide adequate reliability over the residual 
life of the structures, localised strengthening is 
required to the piers. It was essential to produce 
a cost-effective solution which would addition-
ally have minimum impact on the travelling pub-
lic during installation. The strengthening method 
additionally was developed to minimise any dete-
rioration of the recently replaced expansion joints 
(thereby not inadvertently leading to greater water 
ingress of reinforcement corrosion).

The strengthening comprises installing, by 
drilling and fixing, new reinforcement both trans-
versely and vertically to supplement load path 1, 
shown in Figure 5, at the ends of the cantilevers. 
The requirement not to damage the expansion 
joints or close the M4 during the works meant the 
vertical bars could not be anchored on the top of 
the crosshead. Therefore the vertical bars are resin 
anchored as high as feasible in the concrete section 
and additional longitudinal reinforcement installed 
where the vertical bars are fully anchored. This 
combination of additional reinforcement provides 
a truss system to transfer the bearing loads at the 
ends of the cantilevers to the sections of greater 
reinforcement. To minimise disruption to the traf-
fic on the A4 below, all works were undertaken 
during nighttime.
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As the crosshead concrete is contaminated with 
high levels of chlorides the maintenance strategy 
needed to take future corrosion of reinforcement 
in to consideration. To address chloride induced 
corrosion, stainless steel reinforcement has been 
specified which has enhanced protection for high 
chloride environments. Additionally, resin grout 
has been specified both to take advantage of its 
greater bond strengths and its chemical isolating 
properties. Fully grouting the additional reinforce-
ment will minimise the risk of chloride attack and 
the stainless steel will further mitigate the extent of 
future deterioration.

A key issue in the strengthening installation 
was the drilling of  holes for new reinforcement 
insertion without damaging the existing rein-
forcement. This led to the need for both a pre-
scriptive drilling protocol, requiring core holes to 
be abandoned and relocated in some situations, 
together with the addition of  temporary external 
longitudinal pre-stress applied by pre-stressing 
bars anchored to a steel frame at each end of  the 
crosshead. This pre-stressing force supplemented 
load path 2 shown in Figure 6 (by increasing the 
resistance of  the horizontal tie member) and thus 
provided mitigation against damaging the sparse 
existing vertical reinforcement during drilling. 
The layout of  core holes was carefully designed to 
minimise the potential for hitting reinforcement 
and 3D modeling proved helpful in this regard as 
discussed in section 6.

5 CORROSION PROTECTION

A key consideration in the maintenance strategy 
was the link between the assessed capacity of 
the structure and the forecast deterioration due 
to chlorides. As such, a choice had to be made 
whether to carry out significant concrete repairs, 
potentially several times during the contract period 
to meet the handback requirements discussed in 
Section 1.2, and beyond, or to resume the instal-
lations of cathodic protection and arrest dete-
rioration. Installation of cathodic protection was 
evaluated as the optimum cost solution, arresting 
structural deterioration from corrosion and also 
localised spalling of concrete.

An impressed current protection system has 
been designed to deliver protection to the rein-
forcement locations identified as at risk of cor-
rosion and was trialed first at crosshead 82. This 
comprises discrete anodes installed below the bear-
ing shelves to provide protection to the vertical and 
transverse bars. This location is particularly at risk 
of corrosion resulting from water ingress through 
the cracks propagating from the re-entrant corners. 
Additionally discrete anodes have been designed to 

Figure 7. Non-linear finite element crosshead modelling.

Figure 8. Non-linear finite element crosshead analysis.

Figure 5. Strut and tie analysis load path 1.

Figure 6. Strut and tie analysis load path 2.
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be installed in longitudinal cores located at the top 
of the crossheads to deliver protection to the main 
flexural reinforcement. These cores are undertaken 
from both ends of the crosshead and discrete 
anodes secured with cementitious grout. Finally 
a cathodic protection ribbon system is specified 
to the accessible faces of the crossheads. The rib-
bon system is installed in chases cut in to the con-
crete, removing the requirement for a spray applied 
cementitious overlay and maximising future dura-
bility. While the stainless steel strengthening bars 
do not explicitly need protection against chloride 
induced corrosion, these bars are made electri-
cally continuous with the rest of reinforcement 
and connected to the negative side of the cathodic 
protection system to prevent stray current induced 
corrosion.

Cathodic protection is combined with removal 
and repair of delaminating concrete. Areas of 
delaminated or spalled concrete are first removed 
and concrete repair material ‘tied’ in to the exist-
ing reinforcement cage. Incorporating combined 
repair and cathodic protection removes the need 
to remove chloride impregnated concrete, minimis-
ing the break-out and repair extents. The antici-
pated design life of concrete repairs only (without 
cathodic protection) is considered to be short 
(approximately 5–10 years) at which time further 
repair works would become necessary.

Measures to address water ingress through 
the expansion joints are also being developed to 
mitigate the exposure of the crossheads to chloride 
contaminated water. This includes re-waterproof-
ing the central reserve service trough and imple-
menting drainage improvements to capture water 
before it reaches the expansion joints.

6 BUILDING INFORMATION 
MODELLING

Building Information Modelling (BIM) was used 
during the interim planning and strengthening 

design phases and continues to be used for ongo-
ing asset management of the crossheads.

The geometry of all the crossheads and the sur-
rounding carriageway below the viaducts was laser 
scanned and a 3D model created from the point cloud 
data. This provided valuable measurements of the 
as-built structure to cross-check against the record 
drawings. It also allowed standby contingency emer-
gency temporary propping systems (for use in the 
event that monitoring trigger levels were exceeded) 
to be visualised and developed such that their found-
ing locations on the A4 carriageway below had the 
minimum impact on traffic flows and safety.

At the detailed design phase for the strengthen-
ing, as-built reinforcement was incorporated into 
the 3D models. This model was then used to route 
virtual core holes for the new reinforcement and 
cathodic protection anodes through the cross-
head in locations to minimise clashes with existing 
reinforcement.

The BIM model also contains numerical and 
visual attached data relevant to the ongoing asset 
management of the viaducts. Each crosshead is 
split into smaller uniquely referenced surfaces to 
which condition data is attached including:

Figure 10. Laser scan image of the M4 Elevated Section.

Figure 11. Image of crosshead showing existing and 
strengthening reinforcement.

Figure 9. Strengthening reinforcement to be installed 
within the crosshead cantilevers.
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• chloride levels
• half  cell readings
• strength utilisation
• estimated reinforcement section loss
• crack widths
• presence of spalling and exposed reinforcement

The data can be viewed numerically or by colour 
scale in Navisworks (see Figure 12) and an embed-
ded deterioration model in the source data allows 
predictions of this condition data to be viewed 
with time.

The crosshead as a whole has further attached 
data which can similarly be viewed including:

• contractual Condition PI score
• maintenance prioritisation score
• proposed maintenance plan and intervention 

date
• inspection reports and defect diagrams
• as-built information

Aspirationally, the model will be developed to 
include full details in 3D of all existing and new 
reinforcement together with details of the cathodic 
protection systems. Additionally all defects will be 
added directly to the model so they can be viewed 
live rather than through attached

7 CONCLUSION

Water ingress through the M4 elevated section 
deck joints has resulted in very high levels of chlo-
ride impregnation with an associated high risk of 
reinforcement corrosion actively occurring.

The original scope of the maintenance strategy 
was to predict a future time to intervention, bring-
ing together structural capacity and corrosion mod-
eling. A management strategy in accordance with 
BD 79 has been instigated, which has considered 
further analysis including strut and tie and non-lin-
ear concrete modeling to understand to extents of 
this deficiency and the anticipated consequences of 
not intervening. Plastic analysis incorporating the 
post-yield behavior of the reinforcement and trans-
verse contribution of the decks was used to justify 

continued trafficking of the structure together with 
rigorous monitoring to identify structural deterio-
ration early. However, strengthening is required to 
maintain long-term performance.

A comprehensive prioritisation process has 
been developed, including deterioration model-
ling, to formulate a programme both for the short 
term strengthening and longer term intervention 
requirements for these substructures. Concrete 
rehabilitation methods have been evaluated and a 
programme of cathodic protection combined with 
concrete repairs has been developed on a risk basis 
to meet the handback requirements discussed in 
Section 1.2.

A BIM model was developed to assist a standby 
emergency propping and strengthening design and 
to provide a visual representation of the main-
tenance strategy, allowing the user to see how the 
substructures deteriorate over time and when inter-
vention is required. Additionally the BIM model 
provides an interactive and intuitive record system.
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Modern technique and concrete technology used to conserve 
a unique marine heritage breakwater
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ABSTRACT: The channel island of Jersey has one major commercial port which is not only vital for 
the island’s daily supplies but also the main port of entry for the important tourist trade. All of St Helier 
Harbour is protected from the south-westerly prevailing wind and waves by the Hermitage Breakwater 
started in 1874.

The damage to the surface protection of the precast blocks and joints on this south-west facing section 
of the wall of the pre-1887 construction was seen to have significantly deteriorated after the Feb/March 
2014 storms.

Using petrography from concrete core samples it was found that DEF (Delayed Ettringite Formation) 
was present which meant that the blocks, once they had sustained surface damage had a residual capacity 
when coming in to contact with sea water as the outer concrete was worn away had the ability to ‘heal 
itself ’.

In 1876 the cross wall method was abandoned 
and a new design of solid blocks, referred to as 
‘slice block’, was constructed and built end over 
end. This method produced a ‘solid’ wall formed 
from a tessellated interlocking block arrangement 

1 THE HISTORY AND SIGNIFICANCE OF 
THE BREAKWATER

The breakwater from Elizabeth Castle to Hermit-
age Rock and then beyond out to the Plate Rock 
was a concept in the 1850s for the construction of 
a grand harbour in St. Helier, Jersey.

Previous large scale breakwaters in the Channel 
Islands and in particular Jersey, such as St. Cather-
ine’s, had utilised dressed quarried stone mass gran-
ite blocks for outer walls with a soft inner core of 
secondary material. The initial engineering design 
for Hermitage Breakwater entailed constructing 
blocks of concrete and aggregate in the same form 
and shape as the mass granite blocks and by using 
this method regular geometry and lower costs were 
achieved (Fig. 3).

The location of the breakwater and harbour 
proved to be in an extremely vulnerable part of the 
southern Jersey coast and the arm of the harbour 
from the La Collette rocks was abandoned early 
in construction (Figs. 1 and 4). The main shelter-
ing arm from the Hermitage Rock out to the Plate 
Rock was started in 1856, utilising the external 
block wall and ‘soft core’ method but with succes-
sive cross walls forming cells. The manmade blocks 
of concrete were cast in pits in the ground to form 
the shape of mass granite blocks (Fig. 3).

The method proved very difficult out from 
Hermitage rock as the water level deepened and 
exposure to the south-west prevailing weather and 
swells increased (Fig. 4).

Figure 1. Hermitage breakwater and St Helier 
harbour.

Figure 2. SW face of pre 1876 Hermitage breakwater.
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with granite outer facing blocks for durability 
(Fig. 5).

However, even using this new, solid and more 
robust construction method, it was still not pos-
sible to complete the full breakwater out to Plate 
Rock and the project was abandoned in 1880.

The significance of the Hermitage breakwater 
in the modern era is that it provides essential shel-
ter to the whole of the modern current St. Helier 
Harbour complex and has stood the test of time, 

reducing swells and wave impacts from the south-
west.

2 ARCHIVE CONSTRUCTION 
INFORMATION

Research was undertaken in 2005 to locate histori-
cal information revealed the methods described in 
the previous paragraphs. Such sources were the 
Maritime Museum, Société Jersiaise and other 
historical archives. Interestingly, also discovered 
were the progress notes and drawings from during 
construction which show a dramatic slowing up of 
the pre- 1876 cross wall method as progress gets 
further away from Hermitage rocks (Fig. 6) shows 
the process becoming slower and slower and it 
was then understandable that regularised progress 
is made using the different solid tessellated ‘slice 
block’ arrangement.

It is not exactly known, or recorded, why this 
new method was halted some 200 m from Plate 
Rock but the inference is that once again condi-
tions in this location proved far too aggressive for 
even the new construction method.

3 HEALTH CHECK SURVEY

The Transport & Technical Services Department 
(T&TS) in Jersey required in 2005 that a ‘health 
check’ to be carried out upon Hermitage Break-
water. This was to be undertaken at low tide/high 
tide to record the current conditions at that time. 
T&TS had over many years been carrying out 

Figure 3. Original cross wall design 1850s.

Figure 4. Elizabeth Castle, Hermitage rock and the pre 
1876 and post 1876 length of breakwater.

Figure 5. A construction record of the slice block 
method.

Figure 6. Site progress drawing from 1876 showing 
halted method.
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‘a little maintenance often’ and the 2005 survey 
proved that this approach had enabled such an 
important, significant heritage structure to be well 
maintained with little, other than surface defects 
being identified (Fig. 7).

The 2005 survey was updated in 2013 and some 
further deterioration of the pre-1876 block surfaces 
and joints was observed (Fig. 8). These were note-
worthy because wave energy impact on air pockets 
formed at the opening joints would produce large 
‘exploding’ forces in the concrete around the open-
ing of the joints that in turn would accelerate the 
deterioration. In 2014 an underwater survey found 
little or no deterioration below low water but it was 
observed that there are one or two loose or unused 
‘slice blocks’ at the base end of the breakwater, 
which were preventing, or acting against, scour in 
this 11.5 tidal environment.

In 2013 a digital asset register was set up to 
record the current condition of the structure and 
in particular the deterioration of the blocks from 
Hermitage out to the post-1876 section (Figs. 9 
and 10). The storms of February and March 2014 
were of such a magnitude that they constituted 
a ‘trigger event’ and therefore the 2013/14 survey 
was updated in the specific area of most abrasion 

damage in and around the south-west part of Her-
mitage Breakwater of the pre-1876section. This 
survey showed that the pockets that were identi-
fied in 2013 had indeed become larger and some 
new pockets were discovered using a drone survey. 
A more detailed investigation was then instructed 
in terms of obtaining intrusive data information of 
the condition and make up of the blocks and the 
core material behind them.

4 PRODUCTION OF THE DATA ASSET 
MANAGEMENT SYSTEM

The data monitoring system is basically a ‘layered’ 
information map of the structure recorded at a 
specific time. The structure itself  is very large but 
by homing in on specific photographed areas, the 

Figure 7. Surface loss 2005.

Figure 8. Pockets at block joints from 2013 survey.

Figure 9. Survey report, LiDAR model of 2013.
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current condition can be ‘benchmarked’ so that 
in the future, either visually or by photographs 
or drones, the block can be assessed at any time 
to track deterioration. The call up of information 
includes a LiDAR flythrough virtual model and 
production of accurate geometry drawings from 
the LiDAR model that act as a benchmark for 
future monitoring.

5 FUTURE MONITORING USING LIDAR 
MODEL OVERLAYS

The principle of monitoring mass masonry herit-
age breakwaters in Jersey has been established; in 
particular for Gorey Pier. Here localised move-
ments of areas of this irregular maritime heritage 
granite wall structure was assessed after ‘trigger 
events’. The original LiDAR model from 2009 had 
superimposed another LiDAR model of 2011 and 
discrepancies of areas of movement were identi-
fied as well as their magnitude (Fig. 11). Just as 
importantly, areas that had not moved during the 
trigger event were also identified thus allowing to 
focus to repair elements on areas that had been 
identified as susceptible. In this way, the LiDAR 
monitoring model set up for Hermitage Breakwa-
ter in 2014 forms the benchmark for similar future 
monitoring of the breakwater geometry and the 
digital asset photographs the rates of specific areas 
of deterioration of this breakwater.

6 THE TRIGGER EVENTS IN MARCH 2014

This specifically identified that more joints had 
lost material at the junction between perpendicu-
lar and horizontal bed joints of the precast con-
crete large aggregate blocks forming outer walls. 
The surface ‘crust’ of concrete in many areas had 

also been abraded away exposing the large aggre-
gate and cement matrix (Fig. 12). More worry-
ingly, the detailed study from the LiDAR model 
and the drone survey indicated that some areas not 
identified in previous monitoring in 2005 and 2013 
had formed. The newly identified openings had 
become enlarged in areas beyond normal visual 
data gathering range but were observable from the 
drone survey.

7 THE DESIGN CONCEPTS FOR 
PROTECTION OVERLAY

Similar heritage structures forming Jersey coast 
defences had been given a reinforced concrete over-
lay protection. At St. Ouen’s sea wall for example 
an abrasion resistant 5 km length of armour rein-
forced concrete had been overlaid on the WWII 
concrete defence wall. This provides protection 

Figure 10. Digital asset form of monitoring the 
breakwater.

Figure 11. Gorey Pier LiDAR models superimposed 
showing movements.

Figure 12. Loss of surface and other pockets at joints.
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against the aggressive Atlantic environment and 
the gravel and rocks on the beach causing the abra-
sion (Figs. 13 and 14).

Another similar overlay protection was used in 
Jersey at the foundations of the St. Helier Marina 
where the same blocks originally produced for 
Hermitage Breakwater pre-1876, which had not 
been used, were then used to provide the founda-
tions for the North Quay (Fig. 15). It is assumed 
that these are the blocks that were not used for the 
Hermitage Breakwater i.e. they were left over and 
redundant when the method was abandoned and 
were then used for the foundations of the North 
Quay but here were less susceptible to deteriora-
tion in the benign marina environment. However, 
in 2013 it was necessary to overlay the loose and 
degrading concrete blocks at the base of the North 
Quay which had had a layer of spray concrete 
applied previously that was also delaminating. A 
similar concrete overlay protection was applied to 
this marina foundation area and the formwork was 
indented to give the appearance of blocks for aes-
thetic reasons (Fig. 15).

Therefore, the project for protecting the vulnera-
ble area of the south-westerly hermitage breakwater 

with a similar overlay concept was developed 
(Figs. 16 and 17). This was discussed with Heritage 
consultants and Planners who felt that it would be 
necessary for such a Heritage Monument to have 
the concrete overlay protection of the same colour 
and visual effect as the concrete and aggregates of 
the original breakwater construction.

To achieve this it was then necessary to obtain 
samples of the Hermitage concrete facing blocks. 
It was also necessary to determine the actual thick-
ness and constituent materials together with the 
strength of these blocks and from cores. Only 
archive drawings were available from the construc-
tion era (Fig. 3) so it was not clear if  the soft core 
material inside the crosswalls had deteriorated or 
had been washed out.

Figure 13. St. Ouen’s sea wall Atlantic waves impact 
from S.W.

Figure 14. St. Ouen’s sea wall overlay.

Figure 15. Concrete overlay on marina block founda-
tion left over from the Hermitage construction.

Figure 16. Extent of overlay envisaged.

Figure 17. Overlay concept at Hermitage Pre 1876 
blocks.
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8 THE SITE INVESTIGATION AND 
TAKING CORES

Two horizontal concrete cores were taken in the 
area to be overlaid to identify the mix, type of 
aggregate and the reasons for the deterioration of 
the concrete blocks surface (Figs. 18 and 19).

It was discovered using petrography at incre-
mental depths (Fig. 20) from the cores that as 
the depth of section progressed, Delayed Ettrin-
gite Formation (DEF) in the cement matrix had 
occurred in and around the large aggregate. This 
means that parts of the cement matrix within the 
body of the blocks had not hydrated or reacted to 
form concrete. This was possibly due to no contact, 
or limited contact, with water during the original 
casting process by hand but the implications were 
that if  successive layers of cement matrix are being 
degraded by abrasion and salt attack from the sea 
then the Delayed Ettringite Formation (DEF) will 

then take place once the new layer comes in con-
tact with the sea water. Therefore in this context, 
there is a kind of ‘self-healing’ mechanism avail-
able to the overall thickness of the blocks. Small 
pilot hole drilling was also carried out to determine 
the thickness of the blocks and the depth down 
to the soft core from deck level. These investiga-
tions showed that there had been no core loss due 
to ‘wash out’ (where core material is washed out 
through open joints) and the core fill was sand and 
rock fragments mixed.

9 PROTECTION SOLUTION SCALED 
DOWN

There then became a reduced need for the concrete 
overlay to protect against a breach in a storm and 
rapid loss of loose core fill from within the cells. 
However, the pockets or voids at joints still were 
providing air entrapment possibilities and explo-
sive forces under wave pressures still needed to 
be dealt with. Therefore, as an alternative to the 
full scale concrete overlay concepts (Fig. 16 and 
17), a design to repair the damaged pockets was 
produced (Figs. 21, 22 and 23). This smaller scale 
maintenance work could be constructed using 
T&TS direct labour from cradle access. In this way, 
significant savings were made for the long term 
maintenance of the structure.

10 FUTURE MONITORING

The Breakwater, as can be seen in the photographs 
(Figs. 1 and 2), has protected the harbour of St. 
Helier for over 120 years. It has suffered a few 
abrasions and impact damage in that period but 
remains a robust marine breakwater. However, the 
advent of sea-level rise inevitably means that in the 
not too distant future significant storm waves are 

Figure 18. Scale and length of core 1: note size of 
aggregate.

Figure 19. Scale and length of core 2: note size of 
aggregate.

Figure 20. Petrographic slides used to determine con-
crete constituents at different depths.

ICCRRR15_Fullpaper_Book.indb   782ICCRRR15_Fullpaper_Book.indb   782 8/27/2015   9:19:56 AM8/27/2015   9:19:56 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-111&iName=master.img-017.jpg&w=189&h=135
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-111&iName=master.img-018.jpg&w=189&h=141
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-111&iName=master.img-019.jpg&w=189&h=122


783

Figure 21. Existing damage.

Figure 22. Overlay solution.

Figure 23. Repair pocket only solution.

Figure 24. Hermitage breakwater in background under 
water in 2008.
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likely to pass directly over the Breakwater and thus 
threaten St. Helier Harbour itself  (Fig. 24). The 
monitoring set up in 2014 will be a benchmark for 
future data gathering in order to determine when 
major intervention will be necessary to both pro-
tect and raise this magnificent Heritage marine 
engineering structure.
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ABSTRACT: This case study analyzed the durability and the behavior in service in difficult conditions 
of reinforced concrete structural elements rehabilitated 10 years ago.

This structure (“Turbines Hall”) is part of a great objective with function of electric and thermal power 
plant. Structure construction (columns, beams and reinforced concrete floors) started in 1967 and is cur-
rently in operation.

The service conditions are difficult: local there are recesses of technological steam and major values of 
humidity maintains the evolution of the corrosion of reinforcement.

Causes leading to the need for structural rehabilitation in 2004 were: deterioration from durability, 
faulty from execution and deterioration from operating in service.

The main solutions for structural rehabilitation were: strengthening with reinforced concrete, strength-
ening with laminated profiles and repairs with special mortars.

This study aims to analyze in the terms of the durability the behavior of reinforced concrete structural 
elements rehabilitated in the three main solutions.

steam, water leakage from technological pipes and 
major values of humidity in some areas of the 
building maintains the evolution of the corrosion 
of reinforcement.

It is very important to mention the inefficiency 
of ventilation system inside “Turbines Hall” dur-
ing service.

2 TYPES OF DETERIORATIONS

2.1 Presentations

The main types of deterioration in reinforced con-
crete structural elements of “Turbines Hall” con-
struction was observed (in 2004 year):

− deterioration from durability;
− faulty from execution and deterioration from 

operating, in service.

2.2 Deterioration from durability

Deterioration from durability were manifested as 
follows:

− intense corrosion of reinforcement until detach-
ment of corrosion products led to complete 
disintegration;

1 INTRODUCTION

1.1 General information on the structure

Structure analyzed is “Turbines Hall” and is part 
of a great objective with function of electric and 
thermal power stations.

This great industrial objective is one of the first 
important investments in the sector of electric and 
thermal power stations, built in Romania since 
1960 years.

For structure “Turbines Hall” construction 
started in 1967 and is currently in operation 
(almost 50 years in service).

This structure is type industrial hall.
Dimensions of the building are significant: 

transversal 39.00 m and longitudinal 135.00 m.
In general, structural elements were designed to sup-

port very heavy loads of technological equipments.
Local inside building are placed technological 

equipments which produce vibrations within the 
structural elements.

1.2 Information on specific operating and service

In time, the service conditions were generally dif-
ficult: local there are recesses of technological hot 
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− cracks and dislocations of concrete cover due to 
corrosion of reinforcement.

At reinforced concrete floors the maximum level 
of deterioration led to complete disintegration of 
reinforcement and dislocations of concrete cover 
due to corrosion of reinforcement on the large sur-
faces (see Figure 1).

At beams the maximum level of deteriora-
tion led to complete disintegration of reinforce-
ment (longitudinal and stirrups) and dislocations 
of concrete cover due to corrosion of reinforce-
ment (see Figure 2).

At columns the maximum level of deteriora-
tion led to intense corrosion of reinforcement (lon-
gitudinal and stirrups) and local dislocations of 
concrete cover due to corrosion of reinforcement.

2.3 Faulty from execution and deterioration from 
operating in service

Faulty from execution and deterioration from oper-
ating (in service) are much lower as compared with 

deterioration from durability but their number is 
nevertheless significantly.

Faulty from execution and deterioration from 
operating (in service) were manifested as follows:

− segregation of concrete in especially at columns;
− interventions on horizontal structural elements 

(especially at beams and reinforced concrete 
floors in some areas of the building).

3 ANALYSIS DESIGN

3.1 General conclusions

Following the verifications through calculation of 
structure result conclusions:

− for both types of frames (transversal and longitu-
dinal) in terms of the initial dimensioning of the 
reinforced concrete elements and the loads taken 
into account, their load capacity is adequate;

− only if  a reduction of approximately 45–50% of 
the section reinforcement beams and floors in 
stretched area (due to corrosion) their bearing 
capacity was insufficient;

− in cases where the degradation of reinforcement 
due to corrosion reached 50% of the initial section, 
was necessary to strengthen affected element.

4 STRUCTURAL REHABILITATIONS

4.1 Main level of deteriorations in structural 
elements

Maximum level:

− reduction over 50% of the section reinforcement 
led to complete disintegration because intense 
corrosion of reinforcement;

− dislocations of concrete cover due to corrosion 
of reinforcement on the large surfaces of the 
elements.

Major level:

− reduction 25–50% of the section reinforcement 
due to partial disintegration because intense cor-
rosion of reinforcement;

− dislocations of concrete cover due to corrosion 
of reinforcement on the large surfaces of the 
elements.

Medium level:

− reduction under 25% of the section reinforce-
ment due to minimal disintegration because cor-
rosion of reinforcement;

− starting dislocations of concrete cover due to 
corrosion of reinforcement on the local surfaces 
of the elements.

Figure 1. Deterioration from durability at reinforced 
concrete floors. Maximum level of deterioration led to 
the disintegration of reinforcement.

Figure 2. Deterioration from durability at beams. Max-
imum level of deterioration led to the disintegration of 
reinforcement.
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Minimal level:

− starting corrosion of reinforcement;
− cracks and starting dislocations of concrete 

cover on the local extent.

4.2 Types of solutions for structural rehabilitation

The main types of solutions for structural rehabili-
tation (in 2004 year) are presented as follows.

In Maximum level of deteriorations (usual case):

− strengthening with reinforced concrete, see 
Figure 6;

In Maximum level of deteriorations (in zone with 
heavy loads of technological equipments):

− strengthening with laminated profiles add 
reinforced concrete;

In Major level of deteriorations case:

− partial strengthening with reinforced concrete, 
see Figure 8;

In Medium level of deteriorations case:

− partial strengthening with reinforced concrete or 
repairs with special mortars (e.g. epoxy type)

In Minimal level of deteriorations case (concrete 
cover):

− repairs with special mortars (e.g. epoxy type), 
see Figure 4;

4.3 Additional measures

Complementary of solutions for structural reha-
bilitation have adopted the following technological 
measures:

− improving the ventilation system into the entire 
building;

− eliminate water leakage from technological pipes;
− eliminate the emission of technological hot 

steam;
− eliminate major values of humidity inside “Tur-

bines Hall”.

5 ANALYSIS OF DURABILITY IN SERVICE 
OF STRUCTURAL REHABILITATIONS

5.1 Specific of service

In time (2004–2014 years), additional measures 
complementary of solutions for structural rehabili-
tation (see 4.3 Chapter) were not efficient.

In these conditions, in some areas of the build-
ing, the service conditions were generally difficult.

5.2 Analysis of structural rehabilitation solutions 
in good conditions in service case

For “Turbines Hall” good conditions in service are 
characterized by:

− a good ventilation system of the building;
− complete elimination of water leakage from 

technological pipes;
− complete elimination the emission of techno-

logical hot steam;
− maintaining within normal limits for humidity 

values.

Following analysis of behavior in service of struc-
tural rehabilitation solutions in good conditions in 
service case (2004–2014), result conclusions:

− new deteriorations from durability have been 
not observed;

Figure 3. Medium level of deterioration at reinforced 
concrete floors. It’s necessary repairs with special mor-
tars (2004).

Figure 4. Repairs reinforced concrete floors with special 
mortars. Good conditions in service case (2004–2014).
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− behavior in service was in generally good, in 
according to the expectations (see Figure 4 and 
Figure 6);

5.3 Analysis of structural rehabilitation solutions 
in bad conditions in service case

Generally, inside the building, the service condi-
tions were difficult.

For “Turbines Hall” bad conditions in service 
are characterized by:

− inefficiency ventilation system of the building;
− water leakage from technological pipes;
− the emission of technological hot steam in some 

areas;
− major values of humidity inside the building for 

long periods of time.

Following analysis of behavior in service of struc-
tural rehabilitation solutions in bad conditions in 
service case (2004–2014), result conclusions:

Figure 6. Strengthening beams with reinforced con-
crete. Good conditions in service case (2004–2014).

Figure 7. Strengthening beams with reinforced con-
crete. Bad conditions in service case (2004–2014): restart-
ing the corrosion of reinforcement and new cracks in 
strengthening beams.

Figure 8. Strengthening beams with reinforced con-
crete. Bad conditions in service case (2004–2014): new 
cracks in strengthening beams.

Figure 5. Major level of deterioration at beams. It’s 
necessary strengthening with reinforced concrete (2004).

− new deteriorations from durability have been 
observed:

− behavior in service was not good contrary to 
expectations (see Figure 7 and Figure 8);

Causes of this situation are the following:

− in some areas of the building the service condi-
tions were continued to occur;

− the emission of technological hot steam, water 
leakage from technological pipes and major val-
ues of humidity have contributed to restarting 
and maintains the evolution of the corrosion of 
reinforcement.

The result of this new process are the following:

− there are cases in which the restarting of the cor-
rosion of reinforcement led to the emergence of 
new cracks in consolidation beams (local situa-
tion), see Figure 7 and Figure 8.
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6 CONCLUSIONS

The result of analysis of durability and behavior 
in service of structural rehabilitation solutions 
applied to reinforced concrete elements in difficult 
conditions for use are the following:

− for structure “Turbines Hall” construction 
started in 1967 year;

− this structure is currently in operation (almost 
50 years in service);

− in time, the service conditions were generally 
very difficult (mainly major values of humidity 
inside the building);

− the main types of deterioration in reinforced 
concrete structural elements of “Turbines Hall” 
construction was: deterioration from durability 
(Major) and faulty from execution and deterio-
ration from operating, in service;

− major contribution to deterioration from dura-
bility was confirmed by the conclusions of the 
technical expertise;

− the main solutions for structural rehabilitation 
(in 2004 year) were: strenghtening with rein-
forced concrete, strenghtening with laminated 
profiles and repairs with special mortars (e.g. 
epoxy type);

− even though have been used high quality materi-
als for structural rehabilitation elements, condi-
tions in service has led in many cases to restarting 
of the corrosion of reinforcement;

− there are situations where restarting of the cor-
rosion of reinforcement led to the emergence of 
new cracks in strengthened beams;

− analysis of durability of structural rehabilita-
tion solutions applied to reinforced concrete 
elements for 10 years in service (2004–2014) 
concludes that ensuring of good conditions in 
service is very important even for strengthened 
structural elements.
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ABSTRACT: Guernsey is one of the main Channel Islands situated off  the coast of France and the 
Berths are an essential part of the Island’s infrastructure. In 2008/9 a detailed condition assessment of 
the quay structures was commissioned by Guernsey Harbours for new loading conditions and to extend 
the service life of the assets. Detailed assessments of the reinforced concrete and metallic structures were 
undertaken and from the results a rehabilitation performance specification prepared for the repair works. 
The repairs to the two Berths included the design and installation of both impressed current and galvanic 
cathodic protection systems to enhance the durability of the structures in the severe marine environmental 
exposure. The contract is one of the largest marine repair and cathodic protection systems ever installed 
in Europe and is due to be completed in Spring 2015.

of CH2M HILL. The findings of the site investi-
gation confirmed the feasibility of a 50 year life 
extension and the original rehabilitation method-
ology proposed.

2 INVESTIGATION METHODOLOGY

The investigation methodology included prelimi-
nary structural checks to confirm that the origi-
nal structural capacity would accommodate the 
dynamic loading associated with the new mobile 
cranes and the static loading associated with the 
new storage and stacking approach.

The detailed site investigation to evaluate, 
quantify and select an appropriate rehabilitation 
approach included:

2.1 Reinforced concrete structure assessment

2.1.1 Primary assessment
The primary assessment included 100% visual 
assessment, detailed structural measurements and 
hammer-rap surveys to all reinforced concrete 
structural elements.

The visual assess included the following specific 
investigations:

a. Any previously repaired areas;
b. Visible defects associated with deterioration (as 

in the classification system outlined above, as 

1 INTRODUCTION

Guernsey is one of the main Channel Islands situ-
ated off  the coast of Normandy and has a popula-
tion of 65,000. The marine berths are in the town 
of St Peter Port and are an essential part of the 
Island’s infrastructure.

The port operators are Guernsey Harbours and 
in 2007 they commissioned a review of Berths 4, 
5 & 6 which included a structural condition survey 
of the facilities and this was undertaken by CH2M 
HILL. Berth 5 is a granite quay which had a sus-
pended concrete slab which has been replaced under 
another contract and berth 6 is a concrete encased 
steel structure within the quay walls, which were 
built circa 1860. Berth 4 is a reinforced concrete 
suspended deck supported on piles and was built 
in the 1970’s over the existing granite dockyard.

The report recommended that the existing rail-
mounted cranes be replaced with two modern 
mobile, wheeled, harbour cranes and that associ-
ated refurbishment and strengthening work to 
quay structures be carried out.

In 2008/09 the commission was extended to 
produce a detailed defect assessment specification 
and tender package which identified the meth-
ods and extent of the structural investigation and 
testing required. CRL Surveys Ltd were awarded 
the contract for the site investigation and testing 
which commenced in 2010, under the supervision 
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well as any construction related defects includ-
ing but not limited to; cracking, honeycombing, 
and deteriorating construction joints);

c. Embedded metallic components other than 
reinforcement;

d. Presence of surface coatings.

The findings were recorded onto pre-approved 
defect record sheets as CAD drawings sup-
plemented with high resolution photographic 
evidence. A damage classification assessment 
establishing a series of broad classifications as 
detailed in Table 1, was used to identify the extent 
and location of secondary detailed sampling and 
investigation requirements.

The initial assessment also provided an initial 
estimate of the extent of concrete repairs required 
to reinstate the elements and the CAD files were 

included into the rehabilitation tender package 
to assist the contractors with their pricing and 
tendering.

2.1.2 Secondary detailed sampling and 
investigation

The locations for the secondary investigation were 
selected to represent a uniform distribution of test 
results across the structures and at specific loca-
tions identified by structural specialists.

The following secondary testing was 
implemented:

a. Electrical continuity survey to evaluate the fea-
sibility of electrochemical repair options;

b. Half  cell potential survey;
c. Exploratory concrete breakouts in all classes 

(Table 1) to assess the condition of the steel, 
including accurate assessment and measure-
ment of the steel section loss;

d. Chloride ion content and depth profiling and 
carbonation testing drillings;

e. Concrete core samples;
f. Reinforcement steel sample extraction.

2.1.3 Laboratory assessment
Laboratory assessment of the collected samples 
included the following:

a. Concrete compressive strength assessment;
b. Petrographic evaluation of concrete from cores 

and cement content estimates;
c. Chemical and mechanical evaluation of rein-

forcement steel;
d. Weldability and carbon equivalent of the rein-

forcement steel.

2.1.4 Data analysis and findings for reinforced 
concrete elements

The test results were analysed to determine the 
appropriate rehabilitation and repair method, as 
summarised below.

2.1.4.1 Mechanical
The mechanical properties of the concrete and 
reinforcement as well as the bar diameter and 
spacing were used to confirm the original design 
and structural loading classification. The degree of 

Table 1. Example of initial damage classification.

Class Condition

1 Clean sound concrete with no evidence of 
deterioration

2 Some corrosion staining and minor cracking etc. 
No significant spalling or hollowness

3 Large areas of heavy corrosion staining. Some 
minor cracking and spalling

4 Corrosion evident accompanied by cracking and 
spalling

5 Severe cracking and spalling, extensive areas of 
steel exposed

Photograph 1 & 2. Showing the general arrangement of 
berth 4 consisting of reinforced concrete columns, beams 
and deck.

Photograph 3 & 4. Showing the general arrangement of 
berth 6 consisting of steel beams encased in concrete with 
a reinforce concrete deck.

Photograph 5 & 6. Primary assessment showing dete-
riorated concrete to primary beams of berth 4.
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concrete deterioration and section loss were used 
to justify remedial action to ensure the original 
structural capacity was maintained.

Weldability of the reinforcement was deter-
mined and welding was selected for reinforcement 
replacement where section loss exceeded the maxi-
mum allowable threshold, to limit the extent of 
concrete repairs and concrete breakout.

2.1.4.2 Chemical
Chloride ion content and carbonation depth 
profiling identified that the main deteriora-
tion mechanism in the reinforced concrete was 
chloride induced corrosion of  the reinforcement 
steel and that the chloride concentration at the 
steel exceeded the accepted threshold limits of 
0.4 wt% chloride-to-cement in the majority of 
the test locations. This finding supported the 
use of  electrochemical treatment as proposed 
originally.

A number of soffit areas were identified to be 
just below the chloride threshold which could ena-
ble alternative control measures to be used, such 
as barrier coatings. However, it was decided that a 
single uniform protection system, based on electro-
chemical treatment, was more attractive for the 50 
year life extension requirement.

2.1.4.3 Compatibility with electrochemical 
treatment

The investigation did not identify significant lev-
els of embedded tying wire in the cover zone that 
could adversely affect the electrochemical treat-
ments. Existing concrete repairs would need to 
be removed as part of the rehabilitation process 
as their integrity could not be guaranteed and to 
ensure compatibility with the chosen electrochemi-
cal treatments.

2.2 Metallic structure assessment

2.2.1 Primary assessment
The primary assessment included the following:

a. 100% visual assessment above water;
b. 100% visual diver survey recorded on video;
c. Detailed structural measurements to all metallic 

structural elements;
d. The presence of any residual protective 

coatings;
e. If  residual protective coatings were present, 

dry film coating thickness, adhesion and heavy 
metal contamination evaluation;

f. The presence and degree of section loss;
g. Residual metal thickness and pit depth 

measurement.

The findings were recorded on the defect record 
sheets and CAD drawings supplemented with 
high-resolution photographic and video evidence.

2.2.2 Secondary assessment
The secondary assessment included the following:

a. Microbiological sampling to assess the risk of 
Accelerated Low Water Corrosion (ALWC) 
and susceptibility to microbial assisted/induced 
corrosion;

b. Metal sample removal and laboratory assess-
ment to identify the physical, mechanical and 
chemical properties of the steel as well as the 
weld ability by determination of the carbon 
equivalent and micro-structure;

c. Sea water resistivity at high and low water.

2.2.3 Data analysis and findings for metallic 
elements

The test results were analysed to determine the 
appropriate rehabilitation and repair method, as 
summarised below.

2.2.3.1 Mechanical 
The mechanical properties of the metallic elements 
were used to confirm the original design and struc-
tural loading classification and confirm suitability 
for direct galvanic anode attachment. Weld ability 
of the metallic elements was confirmed, which ena-
bled specification and development of welded plat-
ing repairs and direct welding of galvanic cathodic 
protection anode assemblies.

2.2.3.2 Chemical and Biological  
No existing coatings were identified on any of the 
metallic components, coating of metallic areas 
above mean tide level was recommended.

Microbiological activity was confirmed, cathodic 
protection was recommended for protection of all 

Photograph 7 & 8. Secondary assessment showing 
exploratory break out.

Photograph 9 & 10. Secondary break out showing rein-
forcement diameter, spacing and percentage section loss.
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areas below mean tide level and the cathodic pro-
tection criteria of −0.9V Ag/Ag seawater which is 
expected to prevent and control ALWC risk was 
specified.

3 THE REHABILITATION SPECIFICATION

In 2011 CH2M HILL were commissioned to pre-
pare a detailed rehabilitation performance specifi-
cation and associated tender package which was 
issued to four pre-qualified contractors in 2011/12.

The contract scope of works issued to tender 
was as follows:

a. Repair all cracked and spalling areas of con-
crete for berth 4 & 6

b. Design and install a combination of impressed 
current and galvanic cathodic protection for the 
reinforced concrete elements of berth 4 & 6 based 
on a minimum 25 year operational design life

c. Carry out welded plate repairs to steel fenders 
and sheet piling as required

d. Prepare and coat all exposed steel fenders and 
sheet piling above mean tide level

e. Replace fendering system
f. Design and install a galvanic cathodic protec-

tion system to protect all steel fenders and sheet 
piles.

The rehabilitation contract was awarded to 
Concrete Repairs Ltd (CRL) in 2012 with a sched-
uled start date on site in 2013 after approval of the 
cathodic protection design.

At tender stage CRL submitted a fully com-
pliant bid in accordance with the performance 
specification and this was subsequently developed 
further in conjunction with CH2M HILL during 
the detailed design stage.

4 CONCRETE REPAIR DESIGN

There were significant areas of cracked and spalling 
concrete identified during the detailed investigation 
that required repair prior to the ICCP installation. 

Primarily these repairs were to the primary and 
secondary downstand beams.

In order to facilitate the repairs and avoid using 
temporary supports CRL undertook a structural 
analysis with an assumed construction loading of 
1.5 KN/m2. This confirmed that it was acceptable 
to break out and repair the concrete on alternate 
beams without propping, using a planned repair 
sequence which limited beam repairs to 2 m long 
sections.

The beam repairs were undertaken by using 
hydro-demolition techniques to remove defec-
tive areas of concrete and reinstating using a pre-
bagged flowable high performance repair concrete 
compatible with the ICCP system. This repair 
approach was selected due to the high reinforce-
ment density of the beams which prevented the use 
of sprayed concrete repairs.

Following concrete removal, localised welding 
repairs were carried out to the reinforcement at 
areas exceeding the allowable section loss toler-
ance. Electrical continuity of the reinforcement 
was also achieved on site by arc welding an 8mm 
reinforcement bar to the parent reinforcement.

The repair areas of the beams were shuttered and 
recast using a Putzmeister P13 to pump the repair 
material. The soffits which contained a much lower 
steel density than the beams, were repaired using a 
dry sprayed concrete mortar. In total some 80m3 of 
concrete repairs were undertaken.

5 CATHODIC PROTECTION DESIGN

CRL engaged Kevin Davies, CorroCiv, who is a 
Level 3 EN15257 Certified Senior Cathodic Pro-
tection Engineer, to undertake the CP design and 
manage the commissioning and monitoring of 
the installed systems. The system was designed in 
accordance with BS EN ISO 12696:2012, BS EN 
ISO 13174:2012 and the Works Information.

Acting on behalf  of the Client, Paul Segers 
from CH2M HILL reviewed and commented on 
all cathodic protection designs and provided site 
audits during the installation and commission 
phases of the works.

There were 5 specific areas to be protected.

5.1 Berth 4—RC components above + 2.00M OD 
(ICCP and GACP)

This is the largest area of the cathodic protec-
tion systems extending to approximately 4,200 m2, 
which was originally specified as 57 independent 
anode zones. CorroCiv optimised the zoning during 
the design with a final design detailing of 34 inde-
pendent anode zones (extending to 140 m2 each). 
The anode zones were split into a combination of 

Photograph 11 & 12. Primary assessment of metallic 
components and wall thickness measurements.
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two primary beams and the interconnecting soffits 
and secondary beams between the primary beam 
members.

The selected anode system was a mixed metal 
oxide coated titanium mesh (MMO/Ti) fixed to 
the concrete surface and overlaid with a sprayed 
cementitious overlay nominally 20 mm thick.

As there is a movement joint on gridline 13 
where the primary beam is actually a half  joint the 
primary beam was protected using two anodes sys-
tems; the normal MMO/Ti mesh and the overlay 
and ∼1 m long discrete anodes drilled into the sides 
of the beam. Discrete anodes were also utilised to 
protect the front edge of the berth in one short 
length where access was difficult. Inaccessible (for 
repair) areas along the landward side of berth 4 
were protected using small discrete galvanic anodes 
in a concrete infill.

For the columns which were subject to tidal 
influence (MMO/Ti) discrete ribbon anodes 
installed into cut chases within the cover concrete 
were selected to aid installation and overcome tidal 
constraints.

5.2 Berth 4—RC components below +2.00m OD 
(GACP)

The reinforced concrete columns and existing 
crane foundations below +2.0mOD were protected 
using conventional seawater galvanic aluminium 
alloy anodes

A total of 3072 kg of aluminium anode was 
installed across 16 of the 39 columns and 684kg 
of aluminium anode was installed onto one of the 
two existing crane foundations to provide cathodic 
protection for the 25 year design life.

The anodes were fixed to individual columns 
using bracelet supports which were clamped to 
the columns at the lowest possible location below 

mean tide +0.24mOD. Localised electrical continu-
ity connection to the reinforcement was achieved 
following concrete removal and arc welding a 
connection plate between the anode bracelet and 
the reinforcement. Electrical continuity between 
columns fitted with anodes and columns without 
anodes was achieved by the existing residual elec-
trical continuity between elements, supplemented 
with dedicated electrical continuity bonding where 
required.

5.3 Berth 4—Metallic fenders and Knuckle—
sheet steel piling +0.24mOD (GACP)

The existing fender and sheet steel piles were 
protected with a combination of conventional 
seawater galvanic aluminium alloy anodes which 
provided galvanic cathodic protection below mean 
tide level +0.24mOD and a high performance glass 
flake epoxy protective coating system for protec-
tion of tidal and atmospherically exposed areas 
above mean tide level.

A total of 3420 kg of aluminium anode was 
installed across the 16 fenders and a total of 
2622 kg of aluminium anode was installed onto the 
sheet piles associated with the Knuckle to provide 
cathodic protection for the 25 year design life.

5.4 Berth 6—RC deck slabs above +2.50m OD 
(ICCP)

This area of the deck slab extended to approxi-
mately 320 m2 and was divided into 4 independ-
ent anode zones. The selected anode system was a 
mixed metal oxide coated titanium mesh fixed to 
the concrete surface and overlaid with a sprayed 
cementitious overlay 20 mm thick.

5.5 Berth 6—Concrete encased steel I beams 
below +2.50m OD (GACP)

A distributed standard aluminium anode system 
was used to protect the 8 concrete encased steel 
columns with a 25 year life expectancy. In total 
12 × 50 kg anodes were required to provide ade-
quate protection using bracelet supports similar 
to Berth 4.

5.6 Cathodic protection monitoring system

The installed CP systems are monitored using mon-
itoring clusters consisting of one manganese man-
ganese dioxide (Mn/MnO2) reference electrode, 
one silver silver chloride 0.5M potassium chlo-
ride (Ag/AgCl 0.5M) reference electrode and one 
monitoring connection to the steel. Each monitor-
ing cluster was connected to a 3 core monitoring 

Photograph 13. Berth 4 mesh anode on beams and sof-
fits and ribbon anodes in columns.
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cable which was routed to the individual junction 
boxes and encapsulated within the sprayed con-
crete overlay.

The electrode clusters were pre-potted in CP 
grade repair mortar prior to installation to reduce 
the risk of poor electrical contact. The position of 
the clusters was determined by undertaking half-
cell potential surveys of the reinforced concrete to 
identify the most anodic areas in each zone. The 
clusters were embedded in the concrete and wired 
back to the junction boxes with sufficient redun-
dancy so that the monitoring system remains effec-
tive for the service life.

5.7 Cabling and cable management

In order to install the ICCP system in phases, to 
enable continued port operations the ICCP design 
included below berth junction boxes, so that the 
ICCP components could be installed and termi-
nated according to the phased program. All the 
cabling back to the junction boxes was embedded 
within the concrete or anode overlay. All cable 
connections were made within the junctions boxes, 
which were special IP68 rated for submersion in 
water to a depth of one metre. From the junc-
tion boxes shipping multicore cables run on 316L 
stainless steel cable tray, mounted under the berth, 
back to the electrical switching station where they 
are connected to the centralised power and control 
system.

The DC positive feeders to the uncoated tita-
nium conductor bars feeding the MMO/Ti mesh 
run in ring circuits from the junction boxes. For 
testing purposes the anode system is split at grid-
line ‘d’ so there are in effect two half  zones making 
up a single ICCP anode zone.

The DC negative connectors are made off  site 
and required only welding of the connector to the 

exposed steel with sufficient redundancy to ensure 
durability. The DC positive feeder connectors were 
made on-site within a portable workshop requir-
ing only titanium to titanium spot welding beneath 
deck.

5.8 Power and control units

With 34 impressed current anode zones and 372 
reference electrode inputs this is a large and quite 
complex ICCP installation which required a high 
performance power and control unit.

CRL selected Rectifier Technologies to manu-
facture and supply the control equipment. To 
reduce the size of  the cabinets the ICCP system 
was divided into 7 power cabinets and a single 
control cabinet. The modular CP rectifier uses 
switch mode technology which ensured the DC 
power output units were small and highly effi-
cient. The reference cells were buffered by dif-
ferential multiplexers with high impedance 
(>100MΩ) and inherent surge protection. Six 
power cabinets and the control unit were installed 
in the electrical switch room and the seventh, at 
berth 6, was linked with a fibre optic cable to the 
control cabinet.

Photograph 14. Berth 4 Junction box and cable tray 
arrangement.

Photograph 15. Transformer rectifier with 5 power 
zones.
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6 THE SITE WORKS

With the ICCP design agreed the work on site com-
menced in March 2013 with a 104 week contract 
programme for completion in early 2015.

The berth has a 10 m (30′) tidal range and as an 
island in the English Channel closer to France than 
England there were significant logistical challenges 
to complete such a large marine repair contract.

Normally fixed scaffold access platforms would 
be used provide a safe working environment but 
for such a long contract period in a remote marine 
location CRL decided to use a semi-permanent 
construction comprising; steel brackets fixed to 
the piles with a steel frame supporting a fixed steel 
mesh floor platform.

To facilitate access under Berth 4 when the 
berth was in use, a temporary access hole was cut 
through the deck.

The electrical continuity survey for Berths 4 & 
6 identified areas of electrical discontinuity in the 
soffits because the Omnia precast panels were not 
well-connected and some steel reinforcement in the 
individual panels was also isolated.

To overcome the problem, chases were cut in the 
panels in both directions using hydro demolition 
to expose the steel reinforcement and additional 
reinforcement bars were welded in to reinstate the 
continuity. Additional continuity reinforcement 
was also required in some repair areas where the 
corrosion was severe.

The contract was programmed for the concrete 
repair works under the new crane locations to be 
completed first to facilitate the possibility of using 
the berth if  there was an issue with Berth 5. Berth 
4 was repaired and the CP installation completed 
followed by Berth 6 and the Knuckle.

Work on Berth 6 was delayed when the paint 
on the concrete encased steel frame was found to 
contain lead. This was analysed and a safe method 
of working agreed to remove the concrete and 
exposed paint using hydro demolition. The steel 
work was then encased in an anti-crack mesh and 
sprayed mortar overlay.

The galvanic CP system was installed using a 
team of divers who also repaired the steel sheet pil-
ing on the knuckle. Redundant fittings on the sheet 
piling were removed, the steel thickness checked 
and defective areas repaired using welded 12mm 
thick plates.

All exposed steelwork associated with the fend-
ers above mid-tide level was grit blasted and thor-
oughly washed to remove the salt deposits followed 
by the application of four-coat epoxy coating sys-
tem supplied by Corroless.

The fendering on berth 4 consisted of 15 steel 
H piles with Hidac rubber fender units at the top 
and vertical rubber high density low friction facing 
plates. These were replaced as part of the overall 
refurbishment contract.

7 COMMISSIONING

Commissioning of the ICCP and GACP system 
was planned in stages as the phased construction 
works were completed. The first phase to be com-
missioned was Phase 2 which stretched from grid-
line 5 through to gridline 9. Phase 1 from gridline 
14 through to 22 was commissioned next, followed 
by Phase 3—the remaining areas.

Commissioning comprised; detailed testing of 
each core of the multicore cables interlinking the 
below deck junction boxes with the control units 
in the electrical switch room to prove correct con-
nection, electrical continuity of the DC negative 
and DC positive cabling, electrical separation of 
the anode and cathode in each zone and stability 
of the steel potentials measured against the embed-
ded reference electrodes. The monitoring system 
was then energised and put into a recording pro-
gramme at 6-hourly inputs to establish baseline 
potential data for a few weeks with the DC power 
disconnected from the anodes.

Energisation involved; reconnecting the switches 
that physically disconnect the DC positive output 
feeders at the terminal rails and energising the DC 
outputs to each zone in turn. Initial output limits 

Photograph 16 & 17. Quality control and pre commis-
sioning checks.

Photograph 18 & 19. Steel coatings and new fenders.
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were set at 2 A and 5 VDC. In all cases the circuit 
resistances were such that the 2 A output current 
was reached first. Driving voltages were lower than 
3 VDC.

The steel potentials were recorded as the ICCP 
was applied (polarisation) and left on for an hour 
or so. The DC outputs were then switched off  for 
another hour or so to allow the steel potentials to 
recover (depolarise) whilst recordings were made 
on a more frequent basis. In all cases the steel 
potentials became decidedly more negative against 
the two reference electrodes in the clusters when 
the ICCP system was applied (polarisation) and 
less negative (depolarisation) as it was removed. 
This is as expected and proves that even after a 
short period of time the ICCP system achieved its 
requirements. The graph shown below is typical of 
the potential shifts recorded during preliminary 

commissioning, in this case Zone Z4, deck soffit 
and secondary beams between gridlines S7–S8.

Figure 1 shows early indication of the success 
of applying ICCP to Zone Z4 – Deck soffit and 
secondary beams. Polarisation can be seen as the 
ICCP system is energised after off  (as-found) 
potentials were recorded at 6-hourly intervals for a 
few weeks beforehand. Depolarisation can be seen 
as the ICCP was de-energised and then polarisa-
tion again as the system was re-energised and left 
operating.

Note: Mn/MnO2 reference electrodes should 
show the same steel potential as approximately 
180 mV more negative than as measured against 
an Ag/AgCl reference electrode, hence the ‘offset’ 
in the readings above.

8 SUMMARY

This has been one of the largest marine repair 
and cathodic protection systems ever installed in 
Europe. The technical and logistical details have 
been challenging for all the project team but the 
scheme has been successful to date

The impressed current and galvanic cathodic 
protection systems are functioning correctly in 
accordance with BS EN ISO 12696 and 13174. 
During the next 12 months the impressed system 
will be adjusted to its optimum operating perform-
ance. With such a large and quite complex system 
there will be some minor maintenance required, 
but providing this is undertaken and the system 
regularly monitored we are confident that the 25 
year design life will be achieved.

Figure 1. Zone 4 energisation graphs showing base, on 
and off  potential.
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C. Chanonier & C. Raulet
Diadès, Vitrolles, France

F. Martin & C. Carde
LERM, Arles Cedex, France

J. Resplendino
Setec TPI, Vitrolles, France

ABSTRACT: As part of the re-commissioning of the PL1 pipeline that supplies refineries and petro-
chemical sites on the Fos-Lyon-Karlsruhe axis, DIADES project managed, on behalf  of SPSE, the studies 
into and the works relating to the reinforcement/rehabilitation and seismic compliance of a footbridge 
permitting the aerial crossing of the floodplain of the Durance. This study is based on the structural diag-
nosis performed by the laboratory of the LERM. This bridge, located south of Avignon, is a structure of 
eight prestressed isostatic spans with a total length of about 300 m. The main objectives of this project 
included its capacity to respect seismic compliance, taking into account the re-evaluation of seismic haz-
ard in France. This work was carried out through a fully removable additional prestressed coupling to 
ensure the heavy maintenance of the pipeline. Using an original example of design and execution to make 
it possible to sustain the structure during the seismic compliance works, this presentation shows the value 
of the additional prestressing in the rehabilitation of existing structures, by emphasizing the importance 
of the diagnosis phase, focusing on the existing prestressing. It emphasizes the reliability of the various 
assumptions which are helpful for reinforcement dimensioning; these assumptions are based on the results 
of the pathological analysis of the structure including various structural investigations and inspections.

under Article 9.1 of the Decree of 4 August 2006 
that regulates pipeline safety, governmental con-
sent is required to maintain the aerial structure. 
The review of the consent file is based in particular 
on a structural assessment of the durability of the 
structure.

Also, SPSE has asked DIADES, in collabora-
tion with LERM, to carry out a structural diagno-
sis of this structure. This analysis was completed by 
the study and evaluation of the conformity of the 
structure in two respects: static and seismic resist-
ance. Investigations (structure, materials and geo-
technical) and static and dynamic recalculations as 
part of the diagnosis have led to a reinforcement 
and rehabilitation of the structure through the use 
of external prestressing.

2 BRIEF PRESENTATION OF THE 
STRUCTURE

The structure under study, located in the territory 
of the municipality of Noves (13) is an aerial pre-
stressed concrete bridge crossing the floodplain of 
the Durance, over a length of 284 m[l]. It consists 

1 INTRODUCTION

The Society of South European Pipeline (SPSE) 
ensures the supply of petrochemical refineries 
by a Fos-Lyon-Karlsruhe (769 km) pipeline that 
spreads over 3 countries (France, Switzerland and 
Germany). The current transportation of around 
23 million tons per year, represents in “Tons per 
Kilometers” more than 30% of crude oil pipeline 
transportation in Europe. Other pipelines com-
plete the European network, which is able, from 
the Mediterranean Sea, the English Channel and 
the North Sea, to ensure the supply of all the refin-
eries in the heart of Western Europe.

Given the environmental issues, it was decided 
by SPSE to compare how the current state and 
future evolution of this pipeline state could supply 
refineries in Eastern France and West Germany. 
To this end, an inspection program was carried out 
on the 40-inch pipeline; operating minimally, and 
the rehabilitation of the equipment of the 34 inch 
pipeline was launched in parallel, in order to once 
again exploit it.

As part of this restoration, the issue of aerial 
crossing of the Durance arose very quickly. Indeed, 
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of a 12-metre span and 8 34-metre prestressed 
spans. The structure consists of a U-shaped cov-
ered bridge whose underside was created in 1962, 
20 cm above the highest water level of the Durance. 
The section is 1.85 m high and has an outer width 
of 1.70 m. In addition, the covered bridge is coated 
with reinforced concrete slabs to protect the pipe 
from external aggressions.

The structure is prestressed longitudinally withy 
post-tensioned cables positioned in the bores of 
the U. The structure supports the pipeline via 
3 supports placed respectively at 1/6, 1/2 and 5/6 
of each span.

With regards to these supports, the structure 
presents massive piles and two types of plate, 
and the massiveness of the piles can be explained 
by strong hydraulic constraints. The alternating 
arrangement of two types of plate based on 2 or 
3 pickets allows a kind of longitudinal articulation 
of the entire structure.

3 DIAGNOSIS OF THE STRUCTURE

The diagnosis was made on the basis of a program 
of structural investigations, to design and man-
age the repair and reinforcement project of the 
structure. Depending on the identified disorders 
and the contents of the structure folder, structural 
investigations have been defined (investigations on 
materials, measurement of residual tensions) to 
ensure the reliability of the necessary assumptions 
for diagnosis and ultimately provide the basis for 
defining the rehabilitation works.Figure 1. View of the structure before the operation.

Figure 2. Representation of the main investigations for diagnosis.
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3.1 Challenges for static recalculation of the 
structure depending on its state of aging

The accuracy of  structural diagnosis, includ-
ing the audit of  the load-bearing capacity of  the 
structure lies in the reality and representativeness 
of  retained assumptions. Indeed, the structural 
diagnosis of  the structure based on in situ and 
laboratory structural investigations optimizes 
assumptions for recalculation, including geomet-
ric and intrinsic characteristics of  the materials, 
the determination of  the residual prestressing, 
thereby reducing the uncertainty inherent in dif-
ferent prestressing losses (concrete flow and relax-
ation of  cables).

3.2 Method of existing prestressing

The existing prestressing was conducted by GTM 
C.02 type 75 tons cables.
According to the document [1], the main features 
of these cables are:

− Diameter: 32.5 mm
− Cable section: 500 mm2
− Coefficient of friction per unit of angle: 0,10
− Coefficient of friction per unit of length: 

0,2.10−2

− Back of the anchor cone: 0,1.10−2 m
− The maximum tensioning force: 82.5 t
− Young’s module: 196 000 MPa
− Relaxation loss in 1000 hours: 9%

The 75 t (82.5 t in characteristic value) C.02 
frame is made with 7 strands of 7 threads of 
3.6 mm diameter, fixed at their ends by two anchor-
ing devices.

It can be implemented either in the formwork 
before the concrete is poured or after the con-
crete has hardened, in a sheath arranged in the 
prestressed beam during its execution. In the first 
case, the armature must be isolated from the fresh 
concrete by a sealed metal tube.

After tensioning the strands are coated with 
a cement grout injected through an orifice in the 
bearing plate of one of the anchorages.

3.3 Structural investigations program

With regards to the existing pretensioning, possi-
ble investigations are limited and do not allow a 
perfect characterization of the state of the existing 
pretensioning. The main investigations on existing 
pretensioning are visual inspection, radiography, 
opening windows including endoscopic control 
inside sheaths, removal of grout for laboratory 
analysis and implementation of the crossbow test 
(principle recalled below) to set the residual stress 
of the existing cable.

In fact, to accurately assess the behaviour of the 
structure, it is essential to determine the residual 
tension in the cables. By experience and given the 
context that requires a decision on the stability 
and durability of the structure, only the tests with 
a crossbow have been made. These tests are called 
destructive because they require to uncover the cable 
by a limited demolition of the surrounding concrete, 
but they do not damage the cable being tested.

Figure 3. Overview of the anchorage system of a GTM 
cable type C.02.

Figure 5. Development of a crossbow test.
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The diagnosis, on the pretensioning part, 
required the following steps:

− Identification of existing cable routes,
− selection of representative areas for crossbow 

testing
− window opening to uncover the cable
− conducting test with crossbow.

The reliability of this phase is closely related to 
the representativeness of the investigations. This rep-
resentativeness depends on the nature of the investi-
gations, their location and the number of tests.

In the case of diagnosis and when reinforcement 
dimensioning is necessary for the resumption of 
seismic forces by the footbridge, the number of tri-
als and their locations were chosen to limit window 
openings while providing sufficient structural data. 
Ten crossbow trials were performed on different 
sections and different spans. The small difference 
between results helped to ensure good representa-
tiveness of the values   considered in the different 
structural analyses.

3.4 Tracings of existing cables

The input data on the geometry of the existing pre-
tensioning proved incomplete: only primers cable 
routes at the anchors were represented in execution 
plans in our possession.

Also, it was necessary to locate the geometry of 
the cables on each beam. The geophysical radar 
technology developed by LERM allowed precise 
positioning of each sheath with sub-centimetre 
accuracy.

3.5 Crossbow test method

The crossbow test is used to estimate the residual 
stress in prestressed bars, wire or strand.

The principle of the test is based on the change 
in the stiffness of the frame which is characteris-
tic of the tension of the cable or strand. Thus, this 
test involves imposing an arrow on the frame and 
testing to measure the force required to achieve the 

arrow strength. It is performed according to the 
guide [3].

It should be noted that the results are not instant. 
After the completion of on-site measurements, a 
calibration phase in the laboratory on the same 
type of cable should be conducted to determine, by 
extrapolation, the measured residual stresses. The 
following figures illustrate this process.

During these tests, the following were also 
noted:

− the condition of the sheath at the time of open-
ing of the window,

− the quality of the grouting at the opening of the 
sheath,

− condition of visible prestressing wires before or 
after release of the grout, a sample of this being 
carried out systematically for potential analysis. 
In the case where a void is revealed at the time 
of opening of the sheath, a video-endoscopy is 
performed.

With regards to the structure supporting the pipe-
line, no default has been detected by these controls.

The tests carried out have revealed a significant 
difference between the measured tension and the the-
oretical tension defined in the notes to calculate the 

Figure 4. Principle of the test with a crossbow.

Figure 6. View of the general model—modal analysis 
of the structure.
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time of the order of 15% with a standard deviation 
of 13%. Given this observation, the residual capac-
ity of the apron of the bridge has been appreciated 
by a recalculation based on the measured residual 
stresses. This difference between the residual tension 
and the theoretical tension can be explained by poor 
understanding at the time of construction of the 
phenomena of concrete flow and relaxation cables 
and non-consideration of phasing. These points are 
included in the circular referenced [2].

3.6 Conclusions on the structural analysis of the 
structure

The structural analysis was conducted using the 
Pythagore software (www.pythagore.setec.fr) that 
allows such dynamic structural analysis and mod-
eling of prestressing cables by taking into account 
the different angular deviations, and construction 
phasing of the structure.

Diagnosis of structure has highlighted the fact 
that the structure showed no significant pathology 
and that all elements of the existing prestressing 
were in a good state of preservation.

The calculation of the bearing capacity of the 
structure under operating phases showed that the 
structure was able to be used under normal condi-
tions. Sensitivity analysis, including the identifica-
tion of surges in existing cables and a visit of the 
structure under operation was carried out in parallel 
in order to ensure the reliability of assumptions.

The seismic analysis of the structure confirmed 
the risk of independent spans clashing and also 
identified the need for mid span reinforcement in 
case of a vertical descending seism.

4 REHABILITATION PROJECT 
AND REINFORCEMENT OF THE 
STRUCTURE

4.1 Specific maintenance of the structure

The specific maintenance interventions recom-
mended to sustain the structure include the 
cleaning of the interior of the structure, repairing 
sealing and patching degraded concrete, mainly 
located in the right side beams/ slab junction, as 
well as a treatment of cracks.

The diagnosis has also highlighted the need to 
replace the support devices and the bosses to sus-
tain the structure and secondly to allow the tran-
sition from horizontal stresses between the apron 
and the piles under seismic force.

4.2 Issues of seismic reinforcement

The choice of  spectrum to be applied to the struc-
ture is based on the importance of the structure 

and environmental issues of  the site. The structure 
is in the flood plain of the Durance, in a “mod-
erate” seismic risk area according to the annex to 
articles R563-1 to R563-8 of the Environmental 
Code as amended by Decree N°. 2010–1254 and n° 
2010–1255 of 22 October 2010 and by the Order 
of 22 October 2010. The nominal acceleration 
used is 1.6 m/s2. In addition, an important factor 
equal to 1.4 is applied to the regulatory spectrum 
to reflect the social and economic importance of 
the structure and its role in national and European 
society.

This regulatory spectrum was then supple-
mented by specific recommendations based on 
a specific study by BRGM. This new spectrum 
is then applied to the structure by a multimodal 
analysis that includes identifying and quantify-
ing the significant difference in stiffness between 
the piers based on two piles, and piers based on 
three piles, depending also on the roof  of  the 
substratum.

The risk of clashing under seismic force (lon-
gitudinal displacement of ±6 cm) of the existing 
structure was confirmed by the analysis. The fact 
that each span is supported on a flexible pile and 
on a stiff  pile naturally led to propose to couple 
the spans between them to allow the resumption of 
longitudinal stresses and prevent the risk of clash-
ing. The durability of the internal prestressing can-
not be 100% guaranteed, and the use of external 
prestressing is needed to improve the recovery of 
the descending vertical stresses under seism, the 
tracing of the prestressing has been optimized to 
sustain the structure by compensating for any any 
defect in the existing prestressing.

4.3 Choice of combined static and dynamic 
capacity

The dynamic reinforcement of the structure was 
planned from the start, with a concern for the sus-
tainability of the project. Indeed, it seemed appro-
priate to take advantage of dynamic reinforcement 
to sustain the structure. Among the techniques 

Figure 7. Section under CDS calculation surges in 
existing cables (here before repair).
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discussed, the additional external prestressing 
technology has been adapted to the problematic 
because it also reduces any electrical surges in the 
wires in some load cases. Post-critical calculations 
based on the actual position of the cables have been 
made. The study of tension in class III BPEL cables 
was performed with the Sétra’s CDS software. It is 
based on an accurate record of the position of pas-
sive cables and rebars produced by LERM and is 
illustrated in Figure 7.

The sections have been verified, both at static 
and dynamic states, to ensure that they not only 
enable the prestress of the coupling span but also 
the transfer of force under seismic pressure, incor-
porating additional loss due to the possible future 
failure of some existing cables, by increasing the 
tension of the prestressing.

4.4 Retained reinforcement solution (prestressing, 
piles and foundations)

The reinforcement solution adopted for the ten-
dering process is the coupling of the spans. For 
reasons of thermal expansion, the coupling of all 
spans is not possible. Thus, some spans are cou-
pled together and uncoupled spans are connected 
by dynamic mechanical devices (lock-up device) 
thereby eliminating the risk of clashing in seismic 
events. In fact, these devices allow the slow move-
ment caused by to thermal effects and block the 
rapid displacement caused by seismic movements. 
The additional external prestressing maintains 
these couplings in all load cases.

The reinforcement solution changes the static 
diagram of the structure and requires the local 
reinforcement of certain parts of the structure. To 
reinforce some pile footings, the use of composite 
materials has been preferred to other techniques, 
including the use of shotcrete to limit the increase 
in the weight of the structure and therefore the 
seismic stresses to be transferred.

4.5 Disassembly & possibility of resuming 
reinforcement to replace the pipeline or 
evolution in the integrity of the prestressing

The Client wanted to take advantage of these rein-
forcement interventions to sustain the structure in 
overcoming any future loss of preload. The use of 
additional external prestressing of a greased and 
sheathed monostrand type was preferred, leaving it 
possible to adjust the effective tension for the dura-
tion of the use of the structure.

For reasons of operation and maintenance, 
access to the pipeline must not be disturbed. 
Thus, all new elements, including prestressing, are 
removable to facilitate any further intervention to 
the pipeline.

5 MAIN PHASES OF WORK

The works and design studies were made by the com-
pany Freyssinet. The main tasks were as follow:

− Flushing and cleaning of the structure,
− Excavation of span 8 in order to ensure the 

accessibility to the structure,

Figure 9. View of the structure after repair.

Figure 8. Reinforcement of the pier bases with 
composites.
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− Rehabilitation of the seal,
− Laying the jacking beams and jacking of inde-

pendent aprons,
− Renewal of support and replacement of support 

bosses
− Routine and specific maintenance referred to 

above,
− Implementation of the anchor beams for the 

additional external prestressing,
− Reinforcement with composites of the extremi-

ties of the deck, and of the anchor beams in 
particular,

− “Rigid” coupling of spans 1,2,3–4,5 and 6,7,8 to 
reduce the risk of clashing during possible seis-
mic event,

− Tensioning of prestressing,
− Computer-assisted jacking of coupled spans 

after tensioning of additional prestressing,
− Reinforcement of the "rigid" piers, based on 

three piles, with composite materials with UV 
protection

− “Mechanical” coupling between spans A (1 + 2 + 
3), B (4 + 5) and C (6 + 7 + 8) using dynamic 
blockers.

The work took about 9 months including a 
month and a half  of preparation time. With regards 
to carrying out the prestressing, the implementa-
tion of 12 hammer beams took about one month 
of intervention. The tensioning of the cables was 
carried out in three days.

The works were properly executed, due, in par-
ticular, to the provision of clear and precise imple-
mentation procedures, identifying all critical stages, 
identifying all intermediate controls: expected the-
oretical values and acceptable ranges.

The additional prestressing reinforcement 
required a posteriori computer-aided jacking of 
coupled spans to rid supports of distortions inher-
ent in the prestressing of the structure.

6 CONCLUSION

The rehabilitation of an existing structure, by 
means of external prestressing, stresses the need 
for reliable assumptions that include the determi-
nation of actual residual stresses, not estimated on 
the basis of the fixed losses. These should form the 

Figure 10. Detail of a beam anchor and works carried out to the extremities of the span on P3 pier.
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basis for the definition and the “true conception” 
of the reinforcement required. This example also 
highlights the value of prestressing and compos-
ites in reinforcement and preventive maintenance 
of assets, in particular if  seismic compliance set-
tings are required.

This type of rehabilitation requires a thorough 
structural diagnosis and mastery of the technical 
prestressing processes. The technical development 
has enabled to achieve a “modular” and “remov-
able” solution to adapt as well as possible to the 
structural needs of the structure without chang-
ing the exploitation of the structure and by ensur-
ing ease of monitoring and overcoming potential 
defects in internal prestressing concrete.

7 PARTICIPANTS

The participants for this mission are:

− Client: SPSE,
− Structural Diagnosis: DIADES + LERM,
− Project management: DIADES,

Contractor: FREYSSINET,

− Execution consultants: FREYSSINET 
International

− External Composites inspection:

LRPC Autun

− Technical Control: VERITAS
− CSPS (Health and Safety coordination): 

APAVE.
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Innovative subsequently applied shear strengthening techniques 
for RC members
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ABSTRACT: In a research project in cooperation with the HILTI Corporation and SIKA Austria, 
funded by the Austrian Research Promotion Agency FFG, the Austrian Railway Company ÖBB and 
the Austrian motorway operator ASFINAG, new strengthening methods for shear deficient bridges are 
being developed and tested. To test the strengthening effect in shear, a number of 12 T-shaped RC-beams 
with a length of 5.4 m and a height of 0.6 m were designed. The specific design and detailing were done 
in such a way that shear failure predominated even after the application of the strengthening systems. In 
the experimental campaign, two different types of strengthening systems were subjected to shear loading 
until failure. Special attention was laid not only on the increase of the shear strength, but also on service-
ability requirements like crack opening. The successful use of a modern digital image correlation system 
provided the basis for the analysis of the crack pattern and the shear degradation.

2 DESCRIPTION OF APPLIED 
STRENGTHENING TECHNIQUES

2.1 Main targets

Most existing techniques require also construction 
activities on the top side of the structure which in 
turn leads to restrictions of the traffic flow. The 
avoidance of such restrictions was one of the main 
targets in this project. Other decisive criteria were 
the efficiency of the applied strengthening method, 
economic aspects, the simplicity of the installation 
process and the avoidance of significant adjust-
ments of the member’s cross section. In a literature 
study performed in advance several existing solu-
tions such as through-ties or shotcrete had been 
evaluated, however in most cases one or two of the 
above mentioned criteria are violated. Moreover, 
special attention was paid to suitability behavior, 
meaning especially that instant activation of the 
strengthening elements without the necessity of 
significant deformations of the structure should 
be achieved.

Finally the focus was placed on two promis-
ing methods fulfilling the requirements: shear 
strengthening with Carbon Fiber Reinforced Poly-
mer (CFRP) sheets and post-installed undercut 
anchor rods. For both strengthening techniques, 
prototypes have been developed and produced in 
cooperation with the Hilti Corporation and SIKA 
Austria. One reason for testing two methods was 
the applicability for different cross sections: While 
the intended CFRP sheets can be easily and mainly 

1 INTRODUCTION

1.1 Research significance

The increase in traffic loads over the past decades, 
the on-going updating of design codes and also 
paradigm shifts lead to the fact that currently a 
substantial number of existing bridge structures 
do not fulfill the required safety level concerning 
the shear bearing capacity.

While flexural strengthening of RC structures 
has become a routine task in building construc-
tion, the retrofitting of shear deficient members is 
still a demanding topic for the following reasons:

− There are currently no harmonized recommen-
dations for RC shear design itself  available, 
therefore the design of shear strengthening is 
even more disputable.

− While flexural strengthening is oriented in the 
longitudinal direction of a structural member 
and usually applied over larger sections, local 
shear retrofitting requires transfer of forces 
and activation of the system over very short 
distances.

Therefore, although there exists a variety of 
techniques for subsequent strengthening of RC 
structures, there is still lack of knowledge on the 
efficiency of available shear repair methods. In 
addition, the majority of studies focus on rectan-
gular cross sections which represent in many cases 
not the most relevant situation in practice (Etman 
2011).
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applied on rectangular or T-shaped bridge girders, 
the post installed anchors are in addition also suit-
able for installation in slab bridges.

Several researchers have already raised the 
question of interaction of conventional cast-in 
reinforcement and applied strengthening system 
(Bukhari et al. 2010, Khalifaa & Nanni 2002). 
Though this point is justified, in the present study 
the beam sections dedicated to shear failure were 
not provided with any cast-in shear reinforcement 
such as stirrups. The reason therefore is that on one 
hand the potential strength gain is easier to iden-
tify and on the other hand the relevant Austrian 
infrastructure operators classified none—or low-
shear reinforced members like slabs or prestressed 
girders as most critical structural systems.

2.2 CFRP sheets with end anchorage

Numerous researchers have already proven the 
efficiency and usefulness of applying CFRP sheets 
to strengthen existing RC structures in shear. If  
the cross section of a structure allows for it, full 
wrapping around of the CFRP sheets would be the 
easiest way to ensure maximum effectiveness and 
strength gain. However, in practical situations this 
method is usually not feasible either due to cross 
sectional shapes other than rectangular or with 
respect to the required traffic interference. There-
fore the CFRP sheets are usually bonded only to 
the sides or to sides and bottom of the RC member 
in a U-shaped constellation. The usually observed 
failure mode will then be lateral delamination, i.e. 
de-bonding, of the CFRP ends from the concrete 
(Belarbi et al. 2012).

Therefore the decisive factor with this type of 
strengthening is the CFRP’s ability to transfer its 
extraordinary strength to the concrete member 
(Ozden et al. 2014, Triantafillou & Matthys 2013). 
Premature de-bonding hinders the full utilization 
of the available tensile strength of the CFRP and 
the overall strengthening effect is limited. There-
fore some researchers already pointed out the 
importance of an end anchorage of the CFRP to 
the concrete (Kalfat et al. 2013, Manos & Kataka-
los 2013). However, even then the full capacity 
cannot be used if  the anchorage is not designed 
in an appropriate way: The best efficiency can be 
reached by anchoring the CFRP ends directly to 
the compression zone of the RC member, thus ena-
bling the formation of a truss model that makes 
use of the full available depth of the cross section. 
For example the proposed anchorage constella-
tion shown in Figure 1 represents a quite typical 
approach, but does not allow for complete activa-
tion of the whole cross section in shear.

In order to rectify the mentioned deficits, in the 
present study a new and very simple end-anchorage 

system has been designed which allows a direct 
load introduction into the compression zone: A 
steel plate 300 × 150 × 30 mm is fixed to the upper 
flange of the T-section by means of rapidly cur-
ing bonded anchors (Fig. 2). Along the plate edge 
oriented to the wedge between web part and upper 
flange of the concrete cross section, the plate is 
rounded with a radius required to allow for a 
smooth CFRP redirection.

2.3 Post-installed undercut anchors

The basic technique of strengthening shear defi-
cient beams by applying post-installed rein-
forcement has been investigated successfully by 
Randl & Kunz (2009). In this former test series, 
ten reinforced concrete beams had been tested in 
shear, provided with inclined reinforcing bars post-
installed from the soffit of the beams. The rein-
forcing bars had been installed in mortar-injected 
boreholes and anchored with metal plates at the 
accessible bar end at the bottom of the beams. The 

Figure 1. Example of standard FRP-anchorage.

Figure 2. Outline of CFRP-strengthening in the present 
test series.
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test results confirmed that post-installed reinforc-
ing bars can significantly increase the beam shear 
resistance, provided they are situated properly and 
adequate injection mortars are used.

In the present study, in cooperation with the 
Hilti Corporation, a new anchorage system espe-
cially designed for this type of application was 
developed. The anchor is set vertically into the pre-
drilled hole and the load is then introduced by the 
local end anchorage inside the structure by means 
of a self-undercutting expansion sleeve. This work-
ing principle allows for a concentrated load intro-
duction at the end of the anchor even in cases 
where the shear crack passes quite close to the end 
in an unfavorable way. In addition a tubular sleeve 
around the whole length of the inner threaded rod 
enables the subsequent prestressing of the anchor 
rod. The introduction of a prestressing force is 
advantageous for serviceability behavior as well as 
in case of fatigue loading.

Since the anchors are set from the soffit of the 
RC member, traffic disturbances can be avoided to 
a large extent. As the anchors can be prestressed, 
they are activated even before additional loads act. 
The fact that the load introduction is concentrated 
via the keying effect in a single point leads to higher 
resistance and to less sensitivity against cracks 
crossing the anchorage zone as compared to other 

strengthening systems such as bonded anchors or 
concrete screws where the load is introduced over a 
certain part of the element length.

3 EXPERIMENTAL CAMPAIGN

3.1 Test setup

Standard RC beams will usually fail first in bend-
ing and not in shear. Therefore an adequate setup 
and shape of the cross section had to be chosen to 
end up in a typical shear failure. The test specimen 
was a single span beam, with the load introduction 
at a distance of 1.585 m from the support. Taking 
into account the span of 4.5 m, the shear span-to-
depth ratio a/d was 3.2 (with an effective depth to 
the bottom reinforcement d = 494 mm).

The beams were designed in such a way that pre-
mature flexural failure could be avoided even in the 
case of very high shear load bearing capacities due 
to the applied strengthening. Therefore an over-
reinforced T-shaped cross section was designed, 
with four bars of 30 mm diameter and two bars of 
25 mm diameter as longitudinal tensile reinforce-
ment provided at the bottom of the beam (Fig. 5). 
The steel was a high grade S670/800 type in order 
to achieve maximum flexural resistance with a still 
reasonable reinforcement degree. As top reinforce-
ment, only four bars of 14 mm diameter and two 
bars of 10 mm diameter were foreseen in order to 
create a stable reinforcement cage.

No stirrup reinforcement was provided in the 
beam sections between load introduction and clos-
est support. On the other hand, in order to ensure 

Figure 3. Outline of post-installed undercut anchor 
used in the present test series.

Figure 4. Test setup and side view of T-beam.

Figure 5. Reinforcement layout and geometry of 
T-shaped cross section.
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shear failure within the short span between load 
introduction and support, stirrups of 12 mm diam-
eter at 190 mm spacing were applied between load 
introduction and farther beam support.

3.2 Material properties of test specimen

Hereafter, the material properties of the test speci-
mens themselves without strengthening equip-
ment are described. The properties of the attached 
strengthening systems are addressed below in 
the description of the application and type of 
strengthening.

The beam specimens were made of normal 
strength concrete C30/37. The mean concrete 
strength measured on 150 mm cubes on the day of 
testing was 43.5 N/mm2.

The longitudinal reinforcing bars provided 
at the bottom of the beams had a nominal yield 
strength of 670 N/mm2 with an average value 10% 
above. All other types of used reinforcement, i.e. 
longitudinal top bars and stirrups, were made of 
standard steel B550 B.

3.3 Testing procedure

In order to account for the fact that existing struc-
tures have already been subject to numerous load-
ings during their lifetime, a preloading phase was 
applied first: based on an estimation of the design 
failure load of the non-strengthened beam accord-
ing to EC2, the SLS-load level was derived at 
90 kN. Therefore at the very beginning, even before 
application of the strengthening system, each beam 
was subjected to 10 load cycles between 5 kN and 
90 kN. During the cyclic loading, deformations as 
well as crack propagation were recorded, the latter 
one by means of visual control and use of a crack 
magnifier, in two tests also by using a digital image 
correlation system.

After finalization of the cyclic preloading, the 
specimens were ready for the installation of the 
strengthening system. In the last step, having 
passed through the required curing time (see fol-
lowing chapter), the strengthened specimens were 
finally tested until failure.

3.4 Application and type of strengthening

After the preloading phase, all specimens except 
for the reference test no. 1 were provided with an 
adequate strengthening. An overview of applied 
strengthening methods and tested constellations is 
given in the following Table 1. All strengthening 
elements were installed at a constant spacing of 
either 190 or 380 mm, in one case 570 mm.

In the case of CFRP sheets, all sheets were 
provided with end anchorages as illustrated in 

Figure 2. Only in test no. 2, in fact the same basic 
anchorage principle, but an alternatively formed 
steel element with a tear-like shape to wrap around 
the CFRP sheet was used. However, as this more 
complex and costly end anchorage did not lead 
to a higher strength gain compared to the simple 
solution shown in Figure 2, finally only the steel 
plate anchorage was tested.

The varied parameters in the tests with CFRP 
sheets were the number of glued CFRP-layers in 
one sheet (either one layer or two layers, one glued 
upon the other) and the number resp. distance of 
the single sheets. In tests with undercut anchors, 
only the number resp. distance of installed anchors 
was varied (Table 1).

All CFRP sheets were fully bonded to the con-
crete beam surface. The CFRP sheets had a width 
of 100 mm and a nominal thickness of 1.3 mm. The 
average tensile strength of a laminated single-layer 
sheet with a width of 100 mm was 143 kN. Related 
to the total laminate thickness of 1.3 mm, Young’s 
modulus of elasticity was close to 100 GPa and the 
strain to rupture 1.10%.

The undercut anchors, on the other hand, had 
an embedment depth of 540 mm. Taking into 
account the required drilling depth of 550 mm, the 
remaining concrete thickness at the top side of the 
beam was 50 mm. The material of the threaded rod 
was a strength class 8.8 steel. The steel rod was pro-
vided with a metric screw thread size M 12.

Both strengthening techniques were applied 
according to the recommendations of the two sup-
pliers Sika and Hilti: Concerning the CFRP sheets, 
first of all 100 mm wide strips were cut from the 
300 mm wide unidirectional carbon fiber fabrics. 
The cut fabrics were bonded to the concrete surface 
and saturated with a roller-applied epoxy-based 
resin. Finally the end anchorage plates were tied 

Table 1. Applied strengthening systems.

Test
No. Type

Strengthening
System

Spacing/
number  [mm]/-

1 Reference None  -/-
2 CFRP_4-2* CFRP, 2 layers 190/4
3 CFRP_4-2 CFRP, 2 layers 190/4
4 PUAnc_7 Post-inst. anchor 190/7
5 CFRP_4-1 CFRP, 1 layer 190/4
6 PUAnc_4 Post-inst. anchor 380/4
7 PUAnc_7 Post-inst. anchor 190/7
8 CFRP_4-2 CFRP, 2 layers 190/4
9 CFRP_3-1 CFRP, 1 layer 570/3
10 PUAnc_4 Post-inst. anchor 380/4
11 CFRP_4-1 CFRP, 1 layer 190/4
12 PUAnc_4 Post-inst. anchor 380/4

* Alternative shape of end anchorage.
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to the flange by tightening screws to pre-installed 
threaded rods (Fig. 2). Before testing these beams, 
a 7-day curing time had to be concluded.

The undercut anchors were installed in pre-drilled 
holes of 22 mm diameter which had before been 
filled with a high strength injection mortar. In the 
last phase of the setting process, the anchors were 
driven into the concrete by means of an appropriate 
hammer drill to produce the undercut. Afterwards 
they were immediately prestressed by applying a 
defined torque moment of 60 Nm. As the curing 
time of the resin in this case at 20°C room tempera-
ture was only 45 minutes, the test could usually be 
performed already on the same day.

Comparing the strength of one element each 
of both different techniques, the tensile resistance 
of a U-wrapped 1-layered CFRP sheet reaches 
2 x 143 = 246 kN while one single undercut anchor 
yields 70 kN (contribution of prestressed rod) plus 
the capacity of the tubular sleeve. Assuming full 
bond and load introduction of the ribbed tubular 
sleeve to the surrounding concrete, together with the 
sleeve the overall tensile resistance of the anchorage 
system reaches about the double of the threaded rod, 
i.e. 140 kN. However, concerning the sleeve contribu-
tion it has to be mentioned that the full activation of 
the steel sleeve is only possible if the bond length is 
sufficient, which means that the critical shear crack 
does not cross the anchorage close to its end.

3.5 Applied measurement instrumentation

Conventional and typical measurement instrumen-
tation for the analysis of shear failure was installed: 
Along the web in the zone of the expected compres-
sion field, strain gauges were glued to the concrete 
surface and inclined LVDTs were applied. Moreo-
ver the vertical displacements were measured by 
LVDTs. In addition strain gauges were glued on 
top of the concrete beam and also to the longitudi-
nal reinforcement in order to record the compres-
sion and tension strains due to bending.

Apart from the conventional measurement 
devices, a digital image correlation system (DIC) 
was used to track the displacement of each point in 
the shear loaded zone. DIC enables in consequence 
the visualization of the crack formation process 
and the crack propagation as well as derivation of 
crack widths at each load stage.

4 TEST RESULTS

4.1 Failure modes

All specimens exhibited typical shear failure modes, 
flexural failure was never decisive. During the first 
stage of loading, the stiffness was nearly equal for 

all specimens. During the preloading phase the full 
crack pattern due to bending developed already, 
with an average crack distance of about 200 mm. 
The first slightly inclined shear cracks with an 
inclination of roughly 70° to the horizontal axis 
appeared at the reference beam at a load level of 
about 130 to 140 kN, at the strengthened beams 
consistently at a much higher load level around 220 
to 250 kN (this increase is in-line with the observa-
tions made in (Ozden et al. 2014). The shear cracks 
developed in between the strengthening elements, 
forming thereby, together with the CFRP sheets 
or the post-installed undercut anchors, a typical 
truss-like structure.

At a load level of 300 to 350 kN the inclination 
of the propagating shear cracks started to decline 
to an angle between 30° and 45° to the horizontal 
axis (Fig. 6). At the reference beam this was fol-
lowed quickly by the formation of a continuous 
critical shear crack and, having passed through the 
flanged section, soon led to final failure (Fig. 7). 
In contrast, the strengthened beams showed hardly 
any loss in stiffness as the strengthening elements 
were increasingly activated. Only when the load 
level reached about 80 to 90% of the ultimate 
load, the rather flat main crack started to propa-
gate through the whole cross section. Nevertheless, 
some further load increase was still possible due to 
the delay of the opening of this crack caused by 
the retaining strengthening elements.

Finally, in the case of one-layered CFRP sheets 
or undercut anchors, failure occurred due to rupture 
of the CFRP (Fig. 8) or the anchor rod (Fig. 9). In 
the case of two-layered CFRP-sheets, concrete fail-
ure in compression together with extensive spalling 
was observed so that the full ultimate capacity of 
the CFRP sheets was not reached.

Figure 6. Crack pattern of beam 8 at 370 kN derived 
from digital image correlation method.
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4.2 Load increase

The reference beam reached an ultimate load of 
370.9 kN, corresponding to a back-calculated max-
imum shear force Vmax,1 = 285.3 kN. The derived 
shear force takes into account the effect of the self-
weight of the beam itself.

All strengthened beam specimens exhibited a sig-
nificant load increase due to the applied strength-
ening elements. An overview of the recorded loads, 
the according maximum shear forces and the load 
increase with respect to the reference beam is given 
in Table 2. Figure 10 depicts load-displacement 
curves of the different investigated constellations.

The most substantial load increase was reached 
with the CFRP-sheets with two layers (beams 3 
and 8). As failure in that case was due to spalling 
and bursting of the concrete struts in compression, 
the full capacity of the four CFRP-sheets could 
not be totally utilized. Nevertheless, the shear 
enhancement reached a very high factor of 2.53. 
The same constellation, i.e. four sheets, but with 

Figure 8. Rupture of CFRP sheets at beam no. 5.

Figure 9. Critical shear crack at beam no. 6.

Table 2. Test results.

Test 
no. Type

fcm
[N/mm2]

Fmax
[kN]

Vmax
[kN]

Fmax/
Fmax,1

1 Reference 44,5 370,9 285,3 1,00
2 CFRP_4-2* 45,7 813,8 612,8 2,15
3 CFRP_4-2 46,4 957,4 719,0 2,52
4 PUAnc_7 42,6 681,7 515,1 1,81
5 CFRP_4-1 41,1 831,3 625,8 2,19
6 PUAnc_4 43,3 612,0 463,6 1,62
7 PUAnc_7 41,2 714,4 539,3 1,89
8 CFRP_4-2 43,1 961,4 722,0 2,53
9 CFRP_3-1 40,5 752,1 567,2 1,99
10 PUAnc_4 44,5 515,0 391,9 1,37
11 CFRP_4-1 37,9 853,5 642,2 2,25
12 PUAnc_4 51,1 500,4 381,1 1,34

* Alternative shape of end anchorage.

Figure 7. Side view of reference beam after shear 
failure.

only one CFRP-layer, led to brittle rupture of the 
CFRP-sheets at a load level 2.22 times above the 
reference load of beam no. 1.

In comparison, the undercut anchorage yielded 
somewhat lower, but still impressive load enhance-
ments when taking into account the rather small 
cross section of each rod. While the shear capacity 
was nearly doubled (enhancement factor 1,85) with 
the application of seven post-installed anchors, a 
number of four rods still led to an average increas-
ing factor of 1.44, however with a somewhat 
increased scatter (beams no. 6, 10 and 12).

5 CONCLUSIONS

A number of twelve shear-deficient T-shaped RC 
beams were tested until failure to evaluate the 
effectiveness of two different shear strengthening 
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systems: application of U-shaped CFRP sheets 
(100 mm in width) with a special end anchorage 
in the flanged section and alternatively subsequent 
installation of prestressed self-undercutting anchor 
rods. Apart from the non-strengthened reference 
beam, 6 beams were provided with four (in one 
case three) 1- or 2-layered CFRP sheets and five 
beams with four to seven post-installed undercut 
anchors.

All twelve beam tests exhibited typical shear 
failure, with the following main observations:

− The end anchorage of the CFRP sheets by 
means of a steel plate fixed to the compression 
flange proved very effective. While the applica-
tion of 2-layered CFRP sheets led to failure of 
the concrete strut in compression, constellations 
with 1-layered CFRP sheets ended up with rup-
ture of the CFRP.

− Both tested strengthening techniques exhibited 
a satisfying load enhancement in shear. With the 
CFRP sheets the load gain was, depending on 
the number of sheets and layers, between 100% 
and 150%. The application of post-installed 
anchors, on the other hand, yielded a 40% load 
increase with four and 85% with seven anchor 
rods.

− The shear cracks developed in between the 
strengthening elements, forming thereby together 
with the CFRP sheets or the post-installed 
undercut anchors a typical truss-like structure. 
The formation and opening of the critical shear 
crack was retained due to the strengthening 
elements.

In the next phase of the project, the load 
increase by the applied strengthening elements will 
be further reflected with existing design models 

predicting the overall shear strength. In accordance 
with Bukhari et al. (2001), an approach that adds 
the individual contributions to the overall resist-
ance seems most reasonable; however, the respec-
tive investigations are currently still ongoing.
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Development of a multi-disciplinary graduate course on rehabilitation 
of structures

T. El-Maaddawy
United Arab Emirates University, Al Ain, United Arab Emirates 

ABSTRACT: This paper describes the development of a multi-disciplinary graduate course on rehabili-
tation of structures. The course is offered for graduate students by the Civil and Environmental Engineer-
ing department at the United Arab Emirates University. The course offers practical tips, design details, 
and case studies collected by the author upon comprehensive research and outreach activities. The course 
comprises two modules. Module I is about condition assessment and conventional repairs whereas Mod-
ule II is about innovative strengthening with composites. Active-learning and problem-solving strategies 
are adopted in teaching the course. Cooperative learning and collaboration are prompted throughout 
students’ group work. Self-learning, and inquiry-based learning are inspired throughout a research paper 
assignment and laboratory project. Students are exposed to real-life problems and hands-on training. 
They conduct research, analysis, and comparisons. Students are asked to present and critique recent 
research on assessment and rehabilitation of structures, report findings and submit technical reports. 
Course outcomes that are observable, measurable, and capable of being understood by students, faculty, 
external agencies, and stakeholders are developed and mapped to the graduate program outcomes. Quan-
titative (direct) and qualitative (indirect) assessment tools are developed to evaluate the level of attainment 
of course outcomes. The quantitative assessment tools used to assess the level of attainment of course 
outcomes include homework assignments, exams, laboratory project, research paper, and presentation. 
The qualitative assessment tools include students and faculty self-perceptions surveys.

two modes of enrolment, namely “Thesis” and 
“Non-Thesis”. The program degree requirements 
are given in Table 1. The “Thesis” option requires 
successful completion of at least 30 credit hours, 
among which 6 credit hours of Master’s Research 
Thesis that should be completed over a minimum 
of two semesters. The thesis is defended orally to 
a committee as stipulated by the UAEU Graduate 
Studies policy and regulations. The “Non-Thesis” 
option requires successful completion of at least 33 
credit hours. Classes are usually scheduled after 5 
pm during weekdays to meet the needs of working 
part-time students from the industry.

The graduate studies committee of the CEE 
department at the UAEU, chaired by the author, 
has developed a set of graduate program out-
comes at the MSc level that are in compliance 
with the QFEmirates (2012). The graduate pro-
gram outcomes adopted by the CEE department 
at UAEU are given in Table 2. The outcome-based 
education concept has been implemented in sev-
eral engineering programs worldwide (Wahab et 
al. 2011, Arshada et al. 2012). Systematic assess-
ment of program learning outcomes is essential 
for obtaining accreditation by various accredit-
ing organizations (QFEmirates 2012, Osman et al. 

1 INTRODUCTION

The necessity of maintaining the national devel-
opment of the United Arab Emirates (UAE) has 
placed increasing demands upon the government 
and private sectors to secure proper infrastructures, 
transportation networks, residential and indus-
trial complexes. To help meet those demands, the 
department of Civil and Environmental Engineer-
ing (CEE) at the United Arab Emirates Univer-
sity (UAEU) has established a Master of Science 
(M.Sc.) graduate program in Civil Engineering 
(CE), leading to M.Sc. degree in CE. The graduate 
program is designed to provide the community and 
industry with distinguished national manpower 
and highly qualified civil engineers for the sustain-
able development of the country. The program also 
trains students intending to purse their Ph.D. in 
CE. Graduates of the program are anticipated to 
provide the link between the advancements in civil 
engineering sciences and corresponding applica-
tions. The program covers various CE disciplines 
including structural engineering, geotechnical 
engineering, construction management, highway 
and transportation, water resources, environmen-
tal engineering, and surveying. The program has 
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2012, El-Maaddawy 2015). Results of assessment 
of program outcomes obtained from the courses 
can be used to evaluate the overall achievement of 
program outcomes and make decisions pertaining 
to curricular and program development (Afida 
et al. 2011, Lindholm et al. 2009). Such decisions 
can greatly improve the program competencies and 
student learning.

The graduate program educational objectives 
are set to (1) provide graduate students with a clear 
and comprehensive understanding of advanced 
civil engineering principles, (2) train graduate stu-
dents on addressing contemporary, sophisticated, 
and complex civil engineering issues or projects by 
utilizing or applying multidisciplinary problem-
solving approaches and using modern engineering 

tools, (3) serve the life-long learning needs of the 
engineering community and develop their attitudes 
to acquire further learning experiences and moti-
vate them to get engaged in Ph.D. or advanced 
training programs, (4) provide efficient and pro-
ductive research environment to carry out funda-
mental and advanced applied research to address 
civil engineering problems in general and regional 
and national problems in particular, (5) provide 
the community and industry with quality technical 
assistance and highly qualified national manpower 
to lead the national industrial development plans, 
(6) enrich the collaboration in research and gradu-
ate studies between the UAE University and the 
national and industrial sectors in the country and 
worldwide, and (7) provide a solid foundation for 
establishing a national research center for the CE 
discipline in the country.

2 COURSE DESCRIPTION

The graduate course developed in this paper is 
entitled Rehabilitation of Structures, and has a 
subject code of CIVL 616. It is an elective course 
with 3 credit hours. The course offers practical tips, 
design details, and case studies collected by the 
author upon comprehensive research and outreach 
activities. The course consists of two modules. 
Each module encompasses four topics. Module I 
is about condition assessment and conventional 
repair whereas Module II is about innovative 
strengthening with composites. Course modules 
and topics are summarized in Table 3.

3 DEVELOPMENT OF COURSE 
OUTCOMES

Undergraduate courses generally contribute to the 
knowledge component with a less emphasis on 
skills and competencies. In contrast, for graduate 

Table 1. Program degree requirements.

Courses 
Thesis option
(credit hours)

Non-thesis option
(credit hours)

Core 12 12
Electives 12 21
Research thesis  6  0

Total 30 33

Table 2. Graduate program outcomes (POs).

Outcome Description 

PO1 Demonstrate understanding of highly 
specialized civil engineering principles, 
concepts, and methodologies

PO2 Evaluate the performance of advanced civil 
engineering systems and components 
through the use of applicable research 
principles, analytical methods and 
modelling techniques

PO3 Conduct advanced applied research to 
develop innovative solutions for highly 
complex civil engineering problems 
through the use of appropriately selected 
research methodologies and modern 
engineering tools

PO4 Apply advanced multidisciplinary problem-
solving approaches to critically analyze 
contemporary, sophisticated, and highly 
complex civil engineering problems

PO5 Present and critique highly complex civil 
engineering issues and communicate 
effectively at a high level of proficiency

PO6 Demonstrate leadership and management of 
professional activities and ethical issues in 
highly complex civil engineering projects

PO7 Appreciate the social, environmental, ethical, 
economic and commercial considerations 
and professional responsibilities affecting 
highly complex civil engineering projects

Table 3. Course modules and topics.

Module Topic 

Condition 
assessment 
and con-
ventional 
repairs

Defects and Deterioration 
Repair Procedure and Materials
Structural Condition Assessment
Structural Strengthening and 

Stabilization

Innovative 
Strength-
ening with 
Composites

Principles of Strengthening with 
Composites 

Flexural Strengthening with Composites
Shear Strengthening with Composites
Column Strengthening with Composites
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courses, there is an increased emphasis on stu-
dents’ ability to use and apply the knowledge and 
how they develop skills and associated competen-
cies. The program outcomes are, typically, broad 
in scope since they specify knowledge, skills, and 
competencies the students are expected to attain 
upon successful completion of the program. On 
the contrary, the course outcomes are narrower in 
scope than the program outcomes.

The learning outcomes of the graduate course 
CIVL 616, given in Table 4, are developed. The 
course outcomes specifically describe what stu-
dents will know and be able to do at the comple-
tion of the course. The statement of each course 
outcome begins with an action verb describing 
knowledge, skills, or competencies. Each outcome 
is observable, measurable, and capable of being 
understood by students, faculty, external agencies, 
and stakeholders.

4 TEACHING METHODOLOGY

Problem-solving and active learning strategies are 
adopted in teaching this course, where students 
are actively engaged in the learning process. The 
philosophy of teaching and learning through 
meaningful authentic problem solving that clari-
fies course concepts has been adopted rather than 
contrived examples. In the problem solving-based 

learning, a problem related to the subject is first 
displayed, typically, through video clips and/or 
real-life pictures from which lecture’s objectives 
are identified and formulated. Complex problems 
are broken down into sub-problems. For the stu-
dents to learn it, the problem and/or sub-problem 
solutions are broken down into steps during which 
active questions are frequently asked for problem 
solving to provide open discussions thus promot-
ing critical thinking and brainstorming debate 
among students. Students are typically engaged in 
several hands-on class activities to apply the knowl-
edge gained throughout the lecture time. Experi-
mental learning has also been adopted in teaching 
this course where students are actively engaged in 
hands-on experimental work and data collection. 
In the laboratory sessions, students work in groups 
to inspire cooperative investigation and collabo-
ration and to accentuate the spirit of teamwork. 
Each group is asked to submit a written report and 
deliver an oral presentation to enhance students’ 
technical writing and communication skills. To 
engage students in higher-order thinking skills, 
they are asked to make analysis, comparisons and 
evaluation of test results. To promote self-learning, 
students are required to discuss and critique origi-
nal and recent journal articles, describing a major 
scientific advancement in a research area related to 
condition assessment and rehabilitation of exist-
ing structures. To inspire cooperative and engaged 
learning and develop student communications 
skills, students are asked to work in groups, make 
presentations, submit reports and participate in 
discussions.

5 DEVELOPMENT OF ASSESSMENT 
TOOLS

Quantitative (direct) and qualitative (indirect) 
assessment tools have been developed to evalu-
ate the level of attainment of course outcomes. 
The quantitative (direct) assessment tools used 
to assess student learning throughout the course 
included homework assignments (individual 
assessment), exams (individual assessment), labo-
ratory project (group assessment), research paper 
(group assessment), and presentation (individual/
group assessment).

The qualitative (indirect) assessment tools 
adopted in this study included student assessment 
of course survey where a questionnaire survey is 
developed and distributed on all students to fill out 
at the end of the course. In the questionnaire, stu-
dents are asked to rate their level of achievement 
of course outcomes from very low to very high on 
a 5-point scale. The course instructor rates also his 
expected level of attainment of course outcomes at 

Table 4. Course learning outcomes for CIVL 616.

Outcome Description 

CO1 Demonstrate understanding of damage 
mechanisms and principles of structural 
strengthening

CO2 Identify causes of defects, cracks, damage 
and deterioration of concrete structures 

CO3 Conduct condition assessment of structures 
through inspection, field examination, 
laboratory testing, and the use of appro-
priate analytical techniques and problem-
solving approaches

CO4 Perform analysis and design of reinforced 
concrete elements strengthened with 
advanced composites using appropriate 
problem-solving approaches and interna-
tional code provisions

CO5 Develop an appropriate repair strategy for a 
deficient structure taking into considera-
tion the social, economic and commercial 
aspects

CO6 Present and critique recent research on 
assessment and rehabilitation of structures

CO7 Report findings and communicate effectively 
with pees and clients
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the end of the course from very low to very high on 
a 5-point scale.

The homework assignments and exam questions 
have been carefully designed to directly measure 
the level of achievement of one or more specific 
course outcomes.

5.1 Laboratory project

The laboratory project is designed to assess the 
level of attainment of course outcomes CO3, CO4, 
and CO7. The main objectives of the laboratory 
project are to expose students to the following 
activities:

− Hands-on training on nondestructive tests and 
electrochemical techniques for structural condi-
tion assessment and corrosion monitoring.

− Hands-on training on strengthening of concrete 
columns with Carbon Fiber-Reinforced Poly-
mers (CFRP).

− Application of analytical approaches for pre-
diction of load capacity of concrete columns 
wrapped with CFRP.

− Comparative analysis with predictions of inter-
national guidelines and standards.

− Data analysis, report findings and effective com-
munications with pees and clients.

The students are divided into groups, each of a 
maximum of three students. The project is divided 
into two phases. In Phase I, students perform 
corrosion monitoring of steel reinforcing bars in 
concrete prisms subjected to wet-dry cycles. Meas-
urements of corrosion monitoring are taken once 
a week on three locations along the length of the 
concrete prism. In Phase II, students conduct non-
destructive testing, strengthening, and destructive 
testing on concrete columns. Schematics showing 
test specimens employed in the laboratory project 
are given in Figure 1. Tests of Phase I include:

− Covermeter survey to estimate depth of concrete 
cover.

− Half-cell potential using Galva Pulse GP-5000®.
− Corrosion rate with linear polarization tech-

nique using Galva Pulse GP-5000®.
− Concrete resistance using 4 probe Wenner Resis-

tivity meter.

For specimens of Phase II, the following tests 
are conducted prior to wrapping with CFRP:

− Schmidt hammer test.
− Ultrasonic pulse velocity test.
− Bulk concrete resistivity using Giatec RCON™ 

electrical resistivity meter.

Strengthening of concrete columns with CFRP 
include surface preparation, cutting of carbon 
fiber fabric sheets, mixing of epoxy adhesive, 

application of epoxy and wrapping of impreg-
nated carbon fiber fabrics. The CFRP wrapping 
includes an overlap of 50 mm in the lateral direc-
tion. Eventually, the concrete columns are tested to 
failure under uniaxial compression. The following 
measurements are recorded during the structural 
test to failure and discussed in the technical report 
submitted by the students.

− Load capacity.
− Longitudinal strain.
− Lateral strain in CFRP-wrapped columns.

Students perform a comparative analysis between 
the experimental results and analytical predictions 
of international guidelines and standards (ACI 
440.2R, Intelligent Sensing for Innovative Struc-
tures Canada Educational Module 2004).

5.2 Research paper

The research paper assignment is designed to 
assess the level of attainment of course outcomes 

Figure 1. Test specimens for the laboratory project. 
(a) Phase I. (b) Phase II.
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CO6 and CO7. In the research paper assignment, 
students are asked to perform the following tasks:

− Present and critique recent research on assess-
ment and rehabilitation of structures.

− Report findings and communicate effectively 
with pees and clients.

In this activity, students discuss and critique 
original and recent journal articles, describing a 
major scientific advancement in a research area 
related to condition assessment and rehabilitation 
of existing structures. Students are required to 
make presentations, submit reports and participate 
in discussions. The following list of suggested top-
ics is given to students to help them in selecting 
their research paper topic.

− Service life predictions of deteriorated concrete 
structures

− Monitoring of corrosion activity and measure-
ments of corrosion rates

− Condition assessment and evaluation 
techniques

− Structural Health Monitoring (SHM) and dam-
age detection

− Strengthening of concrete structures with inno-
vative composite systems

− Seismic-retrofitting and shake table tests of con-
crete structures

6 ASSESSMENT METHODOLOGY

Outcomes of each course in the program contrib-
ute to the program outcomes in a different way and 
to a different extent. The course outcomes must 
contribute to the achievement of one or more of 
the program outcomes. The collective learning 
across all courses enables students to achieve the 
program outcomes. The learning outcomes of the 

course CIVL 616 are mapped to the program out-
comes as shown in Table 5. The assessment tools 
used to measure the level of attainment of each 
course outcome are also given in the same table.

Results of the quantitative assessment along 
with the faculty and student qualitative assess-
ments are integrated in a course assessment form 
in an effort to obtain realistic assessment for the 
level of attainment of course and program learn-
ing outcomes. In the course assessment form, the 
course outcomes are linked to the relevant program 
outcomes. Also, each course outcome is linked to 
prespecified direct assessment tools. Results of 
students’ work such as homework assignments, 
exams, laboratory reports, research paper, and 
presentations along with students and faculty self-
perceptions of level of attainment of course out-
comes are used as input data in the analysis.

7 CONCLUSIONS

The graduate course CIVL 616 on rehabilitation 
of structures offered by the CEE department at the 
UAEU is developed and described in this paper. 
The course offers practical tips, design details, 
and case studies collected by the author upon 
comprehensive research and outreach activities. 
Active-learning and problem-solving strategies 
are adopted in teaching the course. Self-learning, 
and inquiry-based learning are inspired through-
out a research paper assignment and laboratory 
project. Cooperative learning and collaboration 
are prompted throughout students’ group work. 
Students are exposed to real-life problems and 
hands-on training. They conduct research, analy-
sis, and comparisons. They present and critique 
recent research on assessment and rehabilitation 
of structures, report findings and submit techni-
cal reports. Course outcomes are developed and 
mapped to the CEE graduate program outcomes. 
Direct and indirect assessment tools are developed. 
The direct assessment tools include exams, home-
work assignments, laboratory project, research 
paper, and presentations. The indirect assessment 
tools include students and faculty self-perceptions 
surveys.
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Design of externally bonded FRP systems for strengthening of concrete 
structures
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ABSTRACT: The new Russian Code of Practice (the Code) labeled “Strengthening of Concrete Struc-
tures using Composites. Design Rules” has been developed and approved. The developed Code establishes 
general provisions on calculation and design of concrete structures, which have been restored or enhanced 
by external reinforcement elements (fabrics, tapes, laminates, etc.) made of FRP using carbon (CFRP), 
aramid (AFRP) or glass (GFRP) fibers. The scope of the Code covers various methods used for mak-
ing strengthening (plate or sheet bonding, over or under-laying, jacketing, etc.). The Code provides also 
guidance on rate setting of the strength and deformation characteristics of composite materials, design of 
externally bonded reinforced concrete structures based on strength of normal and sloping to the longitu-
dinal axis of the structure sections, on the width of normal cracks opening, and on deflections. The paper 
presents the design-level dependences adopted in the Russian Code for strengthening concrete structures 
using composite materials, and the results of comparing the calculated data with the data of experimental 
research.

The most popular forms of composite materials 
used for strengthening are variously woven linen, 
strips, sheets or plates (lamellas, laminates). The 
volume fraction of reinforcing fibers in the poly-
mer matrix varies from 25–35% in linen to 50–70% 
in strips. In addition, composite materials are 
used to make column casings and solid frames to 
strengthen tunnel linings.

Just few studies and insufficient documented 
experience in the field of using composites to 
strengthen of reinforced concrete structures, as 
well as unavailability of the regulatory framework 
complicate the problem facing design engineers 
and relating to evaluation of the adopted design 
solution reliability referring to structural strength-
ening with composite materials and their wide use 
in construction practice.

Specialists from Scientific Research Institute 
for Concrete and Reinforced Concrete after A.A. 
Gvozdev (NIIZhB) and Triada Holding JSC 
with participation of a number of specialized 
organizations have produced the Code of Practice 
“Strengthening of reinforced concrete structures 
using composites. Design rules” (hereinafter—the 
Code). It was enacted by the Ministry of Con-
struction of the Russian Federation on 1 Septem-
ber 2014.

The Code establishes the requirements to 
analysis and design of reinforced concrete struc-
tures rehabilitated or strengthened with external 
reinforcement in the form of fabrics, strips and 

1 INTRODUCTION

For the recent 10–15 years in Russia and abroad the 
amount of work relating to rehabilitation of vari-
ous purpose buildings with the aim to extend their 
life cycle has been essentially increased. Composite 
materials on the basis of glass, basalt and carbon 
fibers (FRP) are widely used to strengthen various 
structures. The efficiency of their use depends on 
the fact that their strength and deformation char-
acteristics (rupture resistance, elasticity modulus 
and elongation at fracture) greatly differ from sim-
ilar characteristics of standard materials (metal, 
concrete, mortar etc.) used to the same purposes. 
Besides, the composite material specific weight is 
4–5 times less than that of steel and they can be 
used to strengthen structures of any shapes. These 
materials have small thickness (from 0.1 to 2 mm), 
are easily prestressed and are easily repairable, 
when necessary. They are durable and have a high 
endurance limit. Strengthening with FRP use is a 
less labor-intensive and energy-consuming process 
as compared with other strengthening methods.

In the worldwide practice the composite materi-
als have become widely used, first of all, to recover 
bearing capacities and to strengthen building 
components of various engineering structures, 
industrial and civil buildings, bridges, pipes, stor-
age bunkers, wharfages, various purpose tunnels, 
urban underground structures; they are also used 
to restore architectural monuments.
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laminates made from composite materials using 
carbon (carbon fiber-reinforced plastics, CFRP), 
aramid (organoplastics, AFRP) or glass (glass 
fiber plastics, GFRP) fibers (externally bonded 
FRP reinforcement). The Code scope is limited by 
reinforced concrete structures from ordinary and 
fine-grain concrete that falls under the guidelines 
of the Russian Code 63.13330.2012 [1].

The new Code comprises guidelines on regulation 
of composite material strength and strain charac-
teristics, on the analysis of composite-strengthened 
structures for the strength of their sections, being 
normal and oblique to a structure longitudinal axis, 
for the normal crack opening width and deflec-
tions. The Code formulates structural requirements 
and short guidelines on the strengthening process 
technology and quality control also.

The Code embraces reinforced concrete struc-
tures strengthened along normal sections by means 
of external reinforcing in the direction of the lon-
gitudinal axis or by means of external reinforcing 
of a casing in the lateral direction, as well as the 
structures strengthened with stirrups along oblique 
sections.

2 CHARACTERISTICS OF COMPOSITE 
MATERIALS

Standard design values of composite material 
strength and strain characteristics are defined 
according to their specifications with account of 
experimentally established features of strengthened 
structure failures. The experimental studies show 
that exhaustion of bearing capacities of bending 
structure normal sections strengthened with exter-
nal composite reinforcement may appear not only 
due to the full use of strength properties or concrete 
compressed zone failure, but also due to premature 
breakaway of strengthening elements. To rule out 
the failures of this type when defining the compos-
ite material strain characteristics the Code, as the 
foreign codes also, has introduced restriction of the 
design maximum permissible strains for strength-
ening elements. Thus, in transition from a guideline 
value of the composite material tensile strength to 
a design one, an additional decreasing coefficient γf2 
is introduced taking into account of the composite 
material and concrete bond apart from reliability 
and operating condition factors. According to the 
test results the bearing capacity of flexural struc-
tures failed due to strengthening element breakaway 
depends on not only strength and strain character-
istics of composite materials and concrete in the 
strengthened structure, but also on the total thick-
ness of the strengthening element. The relationship 
for coefficient γf2, accounting for these features, is 
taken from the ACI 440.2R-08 [2].

One of  the features of  composite material 
properties is reduction of  their tensile strength 
with increase of  the period under stress. With 
the first group limit state design of  strengthened 
structures under action of  only sustained dead 
loads this feature is taken into account by add-
ing the decreasing coefficient of  load duration 
to the composite material tensile strength. This 
coefficient is accounted for only in the analysis 
of  sustained dead load increment after structural 
strengthening and is introduced instead of  partial 
safety for materials.

According to few experimental studies includ-
ing those of composite polymer reinforcement the 
ratio of long-time and short-time strengths is: for 
GFRP—0.29…0.55, for AFRP—0.47…0.66 and 
for CFRP—0.79…0.93. Given that by the moment 
of strengthening a part of sustained load has been 
already applied to the structure, the Code prior to 
accumulation of experimental data assumed the 
lowest values of the decreasing coefficient in the 
aforementioned intervals.

Since the values of commercial composite mate-
rial strength and strain characteristics differ, the 
Code does not present their standardized numeri-
cal values. Standardized values of characteristics 
have to be established according to the specimen 
test results with 0.95 of cumulative probabil-
ity, while the design values—with account of all 
above-listed safety factors and operating condition 
coefficients.

3 ULTIMATE LIMIT STATE DESIGN (THE 
FIRST GROUP OF LIMIT STATE)

The methods of strengthened structure design 
assumed in the Code are formulated with account 
of the initial stress and strain state of a structure 
prior to its strengthening. The values of the initial 
relative strain of steel reinforcement εs

0 and the 
initial relative strain εb

0 of the concrete compres-
sion face strengthening of flexural and eccentri-
cally compressed structures are recommended to 
be defined by the elasticity theory ratios but with 
account of concrete inelastic properties under 
compression and crack absence or presence in the 
structural section tensile zone.

Ultimate limit state design procedures for 
strengthened structures are developed basing on 
design models given in the Code 63.13330.2012. As 
in the Code 63.13330.2012, the basic design method 
relating to normal section strength of a reinforced 
concrete structure strengthened with external rein-
forcement is assumed as the deformation model 
design method, while for special cases of structural 
cross-section shapes and force impacts it is allowed 
to use the breaking stress method.
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The design relationships to consider behav-
iors of  composite strengthened structures are 
assumed on the basis of  the test result analy-
sis using foreign code recommendations. The 
accumulated experimental base used for verify-
ing design relationships assumed in the Code 
comprised test specimens tested by foreign and 
domestic researchers.

3.1 Normal section strength design by the 
breaking stress method

The relationships for normal section strength design 
of flexural and eccentrically compressed structures 
by the breaking stress method are established 
proceeding from the prerequisites of the Code 
63.13330.2012 and the additional constraint:

R Ef sR s fE( )s s ,s2
0

 
(1)

where ε s2—limit value of steel reinforcement rela-
tive strain assumed by the guidelines of the Code 
63.13330.2012.

The value of the compressed zone boundary 
relative height ξRfξ , at which the element limit state 
occurs simultaneously with reaching the value of 
stress in the composite material equal to the design 
value of resistance RfR , is established with account 
of the initial stress and strain state of the structure 
prior to its strengthening:

ξ ω
ε ε

ε

Rfξ
fuε bε

bε

=
+

+
1

0εε

2

,

 

(2)

where ω —characteristic of the concrete com-
pressed zone assumed for ordinary concretes of 
up to and including B60 classes equal to 0.8, for 
high-strength concretes of B70…B100 classes and 
fine-grain concretes – 0.7;

ε fuε —design value of composite material limit 
relative strains calculated at design value of its ten-
sile strength;

εb2—relative strains of compressed concrete at 
stressesRbR , assumed according to the guidelines 
given in the Code 63.13330.2012.

The relationships for normal section design 
of flexural and eccentrically compressed struc-
tures by the breaking stress method are assumed 
in the form presented in the Code 63.13330.2012 
for structures with steel reinforcement but with 
account of strengthening elements. The scope of 
recommendations on the breaking stress design 
method for eccentrically compressed round sec-
tion strengthened structures is limited by the Code 
63.13330.2012 requirements to steel reinforcement 
arrangement.

Under violation of condition (1) the normal sec-
tion strength design of flexural and eccentrically 
compressed structures is carried out ignoring the 
existing steel reinforcement.

3.2 The normal section strength design by 
deformation model

For the normal section strength design basing 
on the nonlinear deformation model the general 
system of physical ratios presented in the Code 
63.13330.2012 is assumed that establishes the rela-
tion of forces with curvatures and relative strain 
of the element longitudinal axis. In this regard the 
stiffness coefficients in the Code system of physical 
ratios are established with account of strengthen-
ing elements and the linear relationship between 
their axial stresses and relative strains.

The normal section strength design of strength-
ened structures on the basis of the deformation 
model is carried out in two stages.

At the first stage the structural stress and strain 
state design is carried out ignoring the effect of 
the strengthening system on acting loads prior to 
strengthening. As a result of the design, one defines 
the initial values of the section longitudinal axis 
curvature and concrete relative strains and existing 
steel reinforcement to be further accounted for at 
the second design stage.

At the second stage the normal section strength 
design is performed with account of strengthening 
elements and the initial stress and strain state of 
the structure.

When using two-linear or three-linear deforma-
tion curves of concrete and steel reinforcement, 
the normal section strength design basing on the 
deformation model is carried out proceeding from 
the conditions in the Code 63.13330.2012 and the 
additional condition:

ε εf bε ε t fε uff− ≤εbε t
0εε ,

 
(3)

here ε fε —relative strains in external reinforcement 
from a composite material.

The described procedures of flexural element 
design were verified by the test specimen design. 
The normal section strength design of test speci-
mens was carried out by both the breaking stress 
method and the deformation model method. 
Altogether 397 bending test specimens and 401 
compression test specimens were included in the 
processing.

For bending test specimens the failure due to 
composite rupture or concrete compressed zone 
deterioration was detected in 58 cases, the failure 
due to detachment of the composite end por-
tions—in 186 cases, and the failure due to compos-
ite breakaway in the beam middle—in 153 cases.
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Figure 1 presents the results of flexural speci-
men design in the form of the design precision ratio 
distribution as a ratio of the test specimen bear-
ing capacity actual value and the design value. The 
average value of the design precision ratio was 1.03 
with the standard deviation 0.16. The mean differ-
ence of design results obtained by the deformation 
model and by the breaking stress method was 2%.

3.3 Strength design of casing-strengthened 
compressed structures

The section strength design of compressed elements 
strengthened with composite casings is carried out 
by the breaking stress method or using the defor-
mation model with account of concrete strength 
increase in the three-dimensional stress state.

Basing on the test result processing the design 
values of concrete compression strength in the 
axial direction are recommended to be defined by 
formula

R R k k Rb bR efk e fk R f+RbR ⋅k ⋅μ ff ,
 

(4)

in which kefk  and kek - casing efficiency factor and 
coefficient considering the presence of ruptures 
over the casing height, respectively. The coefficients 
are recommended to be calculated according to the 
relationships given in ACI 440.2R-02 [3], which are 
assumed in a somewhat adjusted form.

In strength design of eccentrically compressed 
elements of the rectangular and round sections the 
design relationships have parameterRbR 3  andξRξ 3 , to 
be determined with account of the concrete three-
dimensional stress state, instead of RbR and ξRξ

ξ ω
ε
ε

Rξ
s el

bε

3

3

1
=

+ ,

 

(5)

ε μbεε fμ f n

b

Rff

Eb
3 2bε 2= +εbε 2bε

 
(6)

The design procedure was verified by correla-
tion of the bearing capacity design and test values 
of specimens strengthened with composite casings 
and brought to compression tests. In total there 
were 249 specimens with round sections and 152 
specimens with rectangular sections.

The rectangular section test specimens were 
designed with and without limitation of kef ⋅ ke coef-
ficients product. By the design results it is estab-
lished that the higher design precision is achieved 
under limitation of these coefficients product by 
the value of 0.5. In this case the value of the design 
precision ratio was 1.01 with the standard devia-
tion 0.17 (Fig.2).

For test round section test specimens it is found 
out that the mean value of the design precision ratio 
is 1.09 with the standard deviation 0.18 (Fig.3).

3.4 Strength design of oblique sections

The strength design of sections being oblique to 
the element longitudinal axis and strengthened 
with external composite reinforcement in the form 
of bilateral, trilateral or closed stirrups, is carried 
out using the strength of a concrete strip between 
oblique cracks, oblique sections under action of 
lateral forces and oblique sections under action of 
bending moments.

The strength design of a concrete strip between 
oblique cracks is recommended to be carried 
out according to the guidelines of the Code 
63.13330.2012 without considering the behavior of 
composite stirrups.

Figure 1. Design precision ratio distribution for flexu-
ral test specimens (DM—deformation model design; 
PU—breaking stress method design). Figure 2. Distribution of design precision ratios for 

rectangular section test specimens under compression.
(1—without kef⋅ and ke product limitation; 2—with limi-
tation by value 0.55; 3—with limitation by value 0.5).
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The oblique section design is recommended to 
be carried out by the procedure described in the 
Code 63.13330.2012, but with account of addi-
tional internal force Qfw in strengthening elements 
that cross the oblique crack.

The relationship to determine QfwQ can be defined 
by formula

Q
A R C

sfwQ f
fwA fwR fwC

f

=
⋅R

ψ f

αsin
,
 

(7)

where
ψ fψ —coefficient accounting for the stirrup adhe-

sion pattern and assumed equal to:
 – for closed stirrups – 0,95;
 – for bilateral and trilateral 

stirrups– 0,85;
C fw—oblique section projection length assumed 

equal to:

C
C h

hfwC fw=
( )h afwh −h

; (8)

C—oblique section projection length assumed 
in calculation of forces QbQQ  and QswQQ ;

hfwh —lateral sirrup adhesion height;
AfwA —section area of composite lateral stirrup;
RfwR —design value of tensile strength for com-

posite materials in strength design of sections 
being oblique to the element longitudinal axis.

With the presence of lateral steel reinforcement 
in the existing structure the value of C in formula 
(8) is assumed to be equal from h0 to 2h0, while in 
absence of reinforcement—equal to h.

According to the data of experimental studies, 
when strengthened structures fail along the oblique 
section, the stresses in composite stirrups do not 
reach limit values of the material tensile strength. 
Moreover it is established that the limit value of the 
lateral force taken up by composite strengthening 

elements depends to a greater extent on reliability 
of their bond with a primary structure. Having this 
in mind, the Code established limitation of their 
tensile strength design value in the form assumed 
in ACI 440.2R-08 [2].

The oblique section design of reinforced concrete 
elements strengthened with stirrups under action 
of bending moments is recommended to be carried 
out by the procedure in the Code 63.13330.2012, 
but with account of additional internal force Mf in 
strengthening elements that transverse an oblique 
crack. Moment Mf taken up by transverse com-
posite elements that cross the oblique section is 
assumed equal to:

M Q Cf fM Q wff ⋅0
 

(9)

The oblique section strength design procedure 
for reinforced concrete structures strengthened 
with composite materials was verified by the data 
of foreign experimental studies.

The experimental base used for design com-
prised 52 test specimens in the form of simple 
beams strengthened with composite materials in 
support sections. The beams were tested for action 
of one or two point forces; the shear span was 
from 1.5ho to 3.5ho. Strengthening of beam oblique 
sections was performed in the form of closed (26 
specimens), trilateral (14 specimens) and bilateral 
(12 specimens) stirrups made from all-over laps 
or individual strips. A part of test specimens was 
made with steel lateral reinforcement.

Comparison of the specimen bearing capacity 
design values over an oblique section with experi-
mental values is presented in Figure 4. The mean 
value of the design precision ratio was 1.21 with 
the standard deviation 0.47. The figure gives the 
design results obtained by the procedure in ACI 
440.2R-08 for correlation. In this case the mean 
value of the design precision ratio was 1.48 with 
the standard deviation 0.43.

Figure 3. Distribution of design precision ratios for 
round section test specimens under compression.

Figure 4. Distribution of the strength design precision 
ratios for oblique sections under lateral forces.
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One failed to detect essential effects of any 
parameters of test specimens on their strength 
along an oblique section (strengthening patterns 
and extents, concrete class, transverse steel rein-
forcement availability and quantity, etc.). There-
fore, taking account of the statistical treatment 
results in the strength design of oblique sections 
strengthened with composite materials, the Code 
recommends assuming the following constraint:

Q Q R b hs fQ w bRff t≤Q fQ wff ⋅b2 5 0h .b hbR t 0hh
 

(10)

4 SERVICE LIMIT STATE DESIGN (THE 
SECOND GROUP OF LIMIT STATE)

In conformance with Code 63.13330.2012 require-
ments to the second group limit state designs pre-
sented in the Code comprise the crack formation 
design, the crack opening design and the strain 
design.

The experimental studies of crack resistance 
and stiffness of structures strengthened with 
external composite reinforcement was much less 
attended than their strength studies. According to 
the limited test data, the strengthening of flexural 
elements with external composite reinforcement 
provides their stiffness increase, reduction of nor-
mal crack opening width, and some increase of the 
crack formation moment.

Because of the fact that experimental studies 
performed in Russia and abroad are apparently 
insufficient, the Code recommendations on the 
second group limit state design of strengthened 
structures proceed from the guidelines for steel-
reinforced structures and direct consideration of 
strengthening element stiffness.

The procedure given in Code 63.13330.2012 
is adopted for the crack formation design of 
strengthened flexural structures. In the simpli-
fied method of crack formation moment design 
of structures with rectangular, T–shaped and 
H–shaped cross-sections the value of the section 
elastoplastic resistance for the outer concrete fiber 
is determined with account of strengthening ele-
ments. In the deformation model design the values 
of  stiffness coefficients in the system of physi-
cal correlations are determined in the Code with 
account of strengthening elements, while the rela-
tionship between their longitudinal stresses and 
relative strains is assumed as a linear one. The 
crack formation moment is defined from solution 
of the system of physical correlations under rela-
tive strains of  concrete at the element tensile face 
due to external load effect that are equal to the 
limit value under tension.

The crack opening width design, when cracks 
are normal to the element longitudinal axis, is rec-
ommended to be performed in conformance with 
the guidelines given in Code 63.13330.2012, while 
assuming the element section geometric character-
istics in the design relationships with account of 
external composite reinforcement.

In the simplified method of deflection design of 
strengthened elements the geometric characteris-
tics of element sections in the design relationships 
are defined with account of external composite 
reinforcement.

In the deformation model design of deflections 
the values of stiffness coefficients in the system of 
physical correlations in the Code are determined 
with account of strengthening elements, while the 
relationship between axial stresses and relative 
strains in external reinforcing elements are assumed 
in the form of:

σ
ε

ψfkσ f fε kff

fkψ
E f=

⋅
,

 
(11)

where

ψ ε
ε

fkψ
fkε crc

fkε

= −1 1

1 0+ 8,
.

,

 

(12)

where ε fkε crc, —relative strain of the external rein-
forcing element in the section with a crack imme-
diately after normal crack formation;

ε fkε —averaged relative strain of the external rein-
forcing element.

5 CONCLUSIONS

Development, acceptance, implementation and 
application of the present Code initiate the appear-
ance of the regulatory document for all profession-
als engaged in the sphere of industrial and civil 
engineering as well as in the transport industry; 
the document regulates the basic methods of exter-
nal reinforcing in maintenance and strengthening 
of RC structures; allows objectively assessing the 
characteristics of composite grids and fabrics and 
defining their suitability for use in construction 
in conformance with their fields of application; 
ensuring interchangeability of similar domestic 
and foreign products; facilitating harmonization 
of Russian, international and European docu-
ments on technical regulation and standardization 
in construction.

The Code will permit to find a sound approach 
to revision of a number of structure strengthening 
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and repair designs in cast-in-situ and precast con-
struction. Its social efficiency is based on the fact 
that the formulated requirements to reinforced 
concrete structure strengthening and rehabilitation 
and the calculation and design methods presented 
for their implementation are oriented to ensuring 
safety of buildings and structures, while their cost-
effectiveness is ensured by a set of rational struc-
tural solutions for reinforced concrete structure 
strengthening and rehabilitation.
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Conservation and restoration of exposed cement concrete 
structures in habitable buildings: A case study of historic cement 
concrete surfaces at Chandigarh
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Chandigarh College of Architecture, Chandigarh, India

ABSTRACT: Early concrete buildings in India and especially in Chandigarh are threatened by dete-
rioration. Effective protection or maintenance is the key to sustain good health & durability of exposed 
cement concrete structures. This calls for creating awareness, consistent attention for repair or replacement 
of the sensitive deteriorated façade, taking effective continues preventive treatment of CC exposed surface 
in habitable buildings. This also calls for creating a trained work force.This paper tries to identify those 
parameters of the cement concrete properties and analyze them for conservation aspects. Though the anal-
ysis is qualitative and an attempt has been made to quantify it and thus making open for empirical under-
standing. The interpretations drawn could be the first step towards the goal of having explicitly described 
strategy for future course of suitable actions in use for conservation project. Chandigarh-City Beauti-
ful is a unique expression of urbanism in the machine age civilization, use of natural building material, 
exposed cement concrete construction and the citizen’s faith to sustain its Architectural Heritage. Chandi-
garh Administration College of Architecture, Research Cell Study, focuses on grading, maintenance, and 
effective treatment of the exposed cement concrete surface texture of buildings in the City Landscape. It 
also focuses on norms-standards and construction code for sustainable conservation of exposed cement 
concrete surface textures, to ensure, a healthy work and living environment in habitable buildings. Part-II 
of this study “Grading and Restoration of Corbusier’s Concrete” covers the demonstration exercise under-
taken for conservation of exposed concrete structures and surface textures in CCA Building.

Keywords: Historic cement concrete Conservation, Historical monument Conservation, Urban conser-
vation, heritage management, Architectural conservation, and Material characterization.

alternatives for preventive treatment of CC façade 
and restores healthy conditions in the interior 
of  the habitable buildings.The study conceptual 
framework refers to: 1) Historical evaluation of 
CC, 2) Listing of heritage building structures in 
urban design, Chandigarh City, 3) Qualitative 
analysis, identification, grading & classification 
of damaged RCC structure, 4) Qualitative applica-
tion of silicon based, polymer based or petroleum 
based material for conservation & restoration 
of the texture in RCC structures 5) Study of the 
structure of  CCA building, development of skills 
& techniques ineffective & healthy maintenance 
of the structure & texture of  cement concrete in 
habitable buildings. The research focuses on the 
absence of satisfactory skills & techniques in the 
effective management, maintenance & upkeep 
of RCC exposed surfaces in heritage buildings, 
including the Chandigarh College of Architecture 
(CCA) building. The cement concrete surface in 
the building interiors are subject to decay, develop 

1 APROACH—METHODOLOGY

1.1 Early exposed cement concrete building struc-
tures in India, especially in Chandigarh City are 
rapidly deteriorating, due to non-maintenance & 
upkeep of its surface texture. In the last 61 years, 
the external and internal exposed surface texture 
of cement concrete buildings has either changed or 
damaged, due to weathering action, environment 
pollution, effects of carbonation, or its unsatisfac-
tory treatment and upkeep. The exposed cement 
concrete surfaces of the city heritage buildings 
are in decay, with fissures, fine hair cracks, surface 
moisture, deposit of salts, infested with microbial 
agents, insects, mites, moths, cob webs etc. The age 
old myth, that: exposed cement concrete surfaces 
do not require maintenance, no longer holds good.

The research covers listing of heritage RCC 
structures, in depth study of the exposed cement 
concrete structures in the Chandigarh College of 
Architecture (CCA) building, study of options & 
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fissures, fine hair cracks, exposed steel reinforce-
ment and is infested with micro biological harm-
ful insects, mites, moths, repeated reappearance of 
cocoons, cobwebs etc. The study & demonstration 
exercise focus on creating awareness on conserva-
tion, restoration, maintenance & upkeep of dete-
riorating condition of cement concrete structures. 
It also aims to ensure healthy living conditions in 
heritage buildings.To systematically evolve viable 
techniques & skills, ways & means to sustain main-
tenance &upkeep of cement concrete structures in 
heritage buildings and ensure a healthy work & liv-
ing environment in Chandigarh City urban land-
scape. This paper tries to identify those parameters 
of  the cement concrete properties and analyze 
them for conservation aspects. Though the anal-
ysis is qualitative and an attempt has been made 
to quantify it and thus making open for empiri-
cal understanding. The interpretations drawn 
could be the first step towards the goal of  having 
explicitly described strategy for future course of 
suitable actions in use for conservation project. 
Chandigarh-City Beautiful is a unique expres-
sion of urbanism in the machine age civilization, 
use of  natural building material, exposed cement 
concrete construction and the citizen’s faith to 
sustain its Architectural Heritage. Chandigarh 
Administration College of Architecture, Research 
Cell Study, focuses on grading, maintenance, and 
effective treatment of the exposed cement concrete 
surface texture of  buildings in the City Landscape. 
It also focuses on norms-standards and construc-
tion code for sustainable conservation of exposed 
cement concrete surface textures, to ensure, a 
healthy work and living environment in habitable 
buildings. Part-II of  this study “Grading and Res-
toration of Corbusier’s Concrete” covers the dem-
onstration exercise undertaken for conservation of 
exposed concrete structures and surface textures 
in CCA Building.

1.2 This calls for creating awareness to assess 
the extent of damage of concrete structures and 
surfaces, its repair and its effective treatment. The 
CCA Building demonstration exercise covered in 
this paper refer to “grading, for repair or mainte-
nance or preventive treatment of exposed c.c. sur-
face textures in buildings.” Creating a data bank 
on graded concrete surface textures, constituting 
a team of physical planners, architects and engi-
neers with trained-skilled work force, formulat-
ing a maintenance schedule will help improve safe 
& healthy work-living environment in habitable 
buildings.

1.3 The CCA Research Cell study covers, in-
depth investigation of the exposed cement con-
crete structures and surfaces in buildings. It also 

aims to identify options-alternatives for preventive 
treatment of the controlled building façade and the 
exposed cement concrete roof surface of the CCA 
Building to restore its healthy texture, namely:

 I. Truthfulness of material and construction 
code
i. Historic evaluation, type-properties and 

application of modern cement concrete in 
the construction industry.

ii. Quantify & qualify norms, standards, 
IS Code for sustainable cement concrete 
structures.

iii. Identify scanning-mapping techniques of 
damaged concrete building structures.

 II. Grading-Restoration of Corbusier’s Concrete,  
Demonstration Exercise
i. Chandigarh City Heritage, Corbusier’s 

cement concrete building structures in the 
City Landscape.

ii. Study the CCA building structure, develop 
skills & techniques for conservation of 
exposed cc surface texture.

iii. Application of silicon, polymer or petro-
leum based products to ensure sustain-
able maintenance of the concrete surface 
texture.

1.4 The interpretations drawn in this paper is 
a step to explicitly evolve a strategy for suitable 
future course of action and sustainable conserva-
tion of heritage buildings in the Chandigarh City 
Landscape.

2 CORBUSIER’S CONCRETE: 
CHANDIGARH CITY LANDSCAPE

2.1 Beginning early in 1908, Mon’s Le Corbusier 
spent his life time to perfect skills in use of rein-
forced cement concrete in high rise building. He 
successfully executed housing projects in Marseilles, 
France. Thereafter in early 1950’s, he embarked 
upon his life time achievement project, the New 
Capital City-Chandigarh in East Punjab. The 
Charter-Edict laid-out by Le Corbusier enlightens 
the citizens on its basic urban design concepts and 
architecture with a view to protect its inheritance in 
the growth-development of the city. He introduced 
“Modern Age Architecture” and “Truthfulness in 
use of Building Materials” i.e. fusion of exposed 
cement concrete, bricks and stone in city planning. 
He pointed out that “The Age of Statues is Gone”, 
commemoration of events to be confined to suit-
ably placed bronze plaques.

2.2 Le Corbusier’s Master Plan for Chandigarh 
City infused a balance of the basic Garden City 
concept with multi-storey high-rise buildings on 
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a human scale. Despite the geopolitical-admin-
istrative changes in 1966, Chandigarh City has 
sustained the inherited urban form, city landscape 
and architectural concepts. The city is planned to 
breathe the sublimated spirit of art in buildings to 
provide places for all human activities for citizens 
to live a full and harmonious life with nature.

2.3 Capitol Complex in the N-E of the city is 
the seat of Governance with the High Court, the 
Assembly Building and the Administrative Sec-
retariat in multi-storey high rise cement concrete 
structures. The inter-weaning open space of 1 km 
x 0.5 km with the Geometric Hill is laid with vast 
cement concrete pavement as open space for the 
people. The “City Landscape” blends and har-
monises with the multi-storey high-rise concrete 
structures.

Areas of special architectural interest

2.4 Certain areas of Chandigarh are of special 
architectural interest where harmony and unified 
composition of building is regulated by archi-
tectural and zoning controls. Construction of 
buildings along V-2 central (Dual carriage-ways, 

Madhya Marg and Uttar Marg, where sky-line 
heights, character and architecture of buildings as 
planned is not to be altered. Beyond V-2 along the 
dual carriage way, areas are reserved for cultural, 
health and educational institutions. City Centre 
The central plaza in Sector-17 was designated by 
Le Corbusier as “Pedestrians Paradise”. Architec-
tural façade, cement concrete surface texture of 
buildings in the City Centre is not to be altered. All 
exposed cement concrete RCC buildings (individ-
ual private ownership) show signs of damage and 
decay due to weathering action and carbonation. 
The red sand stone flooring in the front covered 
corridors is also damaged / altered and is unfit for 
use of pedestrians.

Conservation of damaged concrete surfaces

2.5 Conservation of Le Corbusier’s work in 
multi-storey modern cement concrete habitable 
structures 1952–67, deterioration of the concrete 
edifices in the Capitol Complex and the city land-
scape has been having the attention of Chandigarh 
(UT) Administration. Attention on this was also 
focused by the College of Architecture Chandigarh 
and the Foundation Le Corbusier Paris, France in 
its International Seminar held on 11th to 13th Feb, 
2002 in Chandigarh.

Figure 1. Chandigarh Master Plan—Phase I, II & III 
1966.

Figure 2. Capitol Complex Chandigarh by Le 
Corbusier.

Figure 3. View of Assembly Building in Capitol Com-
plex Chandigarh: Unmaintained concrete surface texture 
due to decay and carbonation.

Figure 4. View of RCC Building, Sector 17, Chan-
digarh: Damaged surface texture due to decay and 
carbonation.
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2.6 Mr. Puranjit Singh, Chief Engineer Chan-
digarh Administration introduced the Ultrasonic 
Pulse Velocity Test at selected locations in the 
Assembly building to assess the soundness of con-
crete. The criteria for qualitative assessment of the 
concrete quality is based on IS: 13311 (Part-1). The 
results reveal Ultra-Sonic Pulse Velocity of more 
than 3.5 km/sec at undamaged areas, indicating 
a good quality of concrete. The poor velocities at 
other locations; less than 3.0 km/sec could be due 
to cracks and/or damage of cover concrete due 
to reinforcement corrosion and/or due’ to honey-
combing. The “Schmidt Hammer Test” for meas-
urement of the strength / quality of the concrete 
was also carried out as per IS: 13311 (Part-2) at 
select locations in the Assembly building in Chan-
digarh’s Capitol Complex. During the tests, a hol-
low sound was noticed at some of the locations, 
depending on the extent of de-lamination and sur-
face deterioration. Except for some light damage 
of honeycombed areas, the concrete of the Assem-
bly building exhibits good surface hardness and 
structural stability.

2.7 Efforts to repair the damage by the Chan-
digarh Administration were also initiated by 
involving the Central Building Research Institute, 
Roorkee. They recommended an extra cover on all 
the decayed surfaces. Since such an action would 
have altered the original character and texture of 
these buildings and impaired their authenticity, 
these recommendations were not accepted. Local 
maintenance engineers, thereafter decided to clean 
the affected surface with steel brushes and apply 
silicon coating on all external concrete surfaces of 
the Secretariat building. This application is effec-
tive, although the life of such treatment has not 
been technically proved and effects on the strength 
of concrete are yet to be studied.

2.8 The condition of the PGI and the University 
Campus Buildings with exposed concrete façade 
require both repair and treatment of its surface 
texture for a healthy work-living environment.

2.9 The Chandigarh UT Administration also 
engaged the services of  the Associated Cement 
Co. research team to conduct an on-site “Non-
destructive Test” and analysis of  concrete for 
buildings in Chandigarh. The ACC team rec-
ommended comprehensive restoration methods. 
Their preliminary report has shown a generally 
good surface hardness of  concrete, but problems 
such as inadequate concrete cover, honeycomb-
ing and signs of  atmospheric corrosion with 
an advanced level of  distress do exist at some 
places. The ACC team has also recommended 
experimental restoration technique to be tried on 
the affected area of  the porch. This specifically 
relates to:

• Changing the entire waterproofing on the roof 
of the Assembly portico to prevent further 
deterioration.

• Removing damage or loose/carbonated concrete 
surfaces by wire brushes and de-rusting cor-
roded reinforcing bars.

• Application of an epoxy bond coat followed, 
after applying migratory corrosion inhibitors on 
prepared concrete surface.

• Additional reinforcement to be provided wher-
ever reinforcing steel has degenerated due to 
corrosion.

• Grouting with Polymers/Ordinary Portland 
Cement mix, to treat the cracks or damaged 
concrete surfaces.

• Repair of damaged concrete structures and 
application of preservative coating on exposed 
concrete surface.

3 PHYSICAL ASSESSMENT AND 
GRADING OF C.C. SURFACE TEXTURE 
IN BUILDINGS

3.1 Grading of  building material i.e. cement, 
gravel, sand, water etc. is specifically covered by 
Bureau of  Indian Standards, Concrete Codes: IS 
456–1957, 1964, 1978, 1994 and IS Code: 456–
2000. The grading of  concrete is with respect 
to its strength-hardness, workmanship, design 
of  concrete mix, use of  shuttering material 
including vibrators in laying of  concrete & com-
paction, inspection and hardness-slenderness 
testing requirements in the design of  building 
structural members including solid slabs, beams 
etc. No Norms and Standards have been laid in 
the IS Code: 456–1978, 1994 & 2000 for grading 
of  exposed cement concrete “surface texture”. 
This comprises of  “< 0.5 to < 1 mm thick crust” 
hardened concrete slurry of  cement and fine 
sand grains, constituting the exposed concrete 
surface.

Figure 5. PGI Nehru Hospital Building Sector-12, 
Chandigarh: Damaged exposed concrete façade.
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Physical assessment of exposed C.C. surfaces

3.2 A study of the physical condition and charac-
teristics of exposed cement concrete structure and 
surface texture was carried out for the i) assembly, 
high court & secretariat government buildings in 
the capitol complex, ii) museum & college of arts 
government buildings in sector 10, iii) engineering, 
college of architecture, post-graduate institute, uni-
versity campus and other buildings in sector 12, iv) 
UT Chandigarh Secretariat and other government-
private buildings along the Jan Marg, v3 road from 
sector 22 to the capitol complex, v) cement concrete 
façade in government & private buildings in city 
centre, sector 17 and vi) brick & cement façade of 
private buildings along the Madhya Marg v2 road. 
The condition of the structure and surface texture, 
its coverage is given in Table No. 1.

ST 1: Glossy shiny, lustrous bright silver grey or 
beige colour.

ST 2: Soft, fine to touch in silver grey colour par-
tial change in colour of concrete surface 
texture due to carbonation etc.

ST 3: Smooth free from irregular surface parti-
cles, in steel or processed wood shuttering 
or moulding with carbonation and change 
in concrete surface texture colour.

ST 4: Coarse medium or small granular surface, 
with surface voids, carbonation, change in 
concrete surface colour.

ST 5: Course rough or large granular surface, 
generally seen in rough wood shuttering, 
carbonation and total change in concrete 
surface texture colour.

3.3 It is noted that the RCC building structures 
do not show major signs of structural damage, 
corrosion of embedded steel bars. However the 
exposed concrete surface texture of both the exter-
nal and internal surfaces show sign of marginal 
damage of the concrete, fine hair cracks, water 
seepage and decay due to deposit of salt, algae etc. 
It is also noted that both the external or internal 
exposed surfaces of all concrete buildings are badly 
effected due to air pollution, effects of carbonation 
and change of the concrete surface texture-colour. 

Table 1. Physical assessment of the area of external exposed façade and the concrete surface texture of cement 
concrete building structures in Chandigarh City Landscape.

Cement Concrete 
Building Structure 
and Architectural 
Controlled Façade
(Exposed Concrete 
Surface Texture)

External Exp. 
c.c. Facade

Internal 
Exposed 
Concrete

Gross 
Exposed 
Concrete

Damaged 
Concrete 
Structure (in m2)

Damaged 
Untreated 
Surface Texture
(in m2)

(m2) (m2) (m2) Area % age Area % age

Capitol Complex 158938.93 635755.73 794694.67 8025.00 1.01% 794694.67 100%
Assembly Building 34690.20 138760.80 173451.00 2601.77 1.50% 173451.00 100%
Secretariat Building 40471.90 161887.60 202359.50 2428.31 1.20% 202359.50 100%
High Court Building 25439.48 101757.92 127197.40 1526.37 1.20% 127197.40 100%
Hall of Shadows Building 289.09 1156.34 1445.43 17.35 1.20% 1445.43 100%
Geometric Hill 231.27 925.07 1156.34 5.78 0.50% 1156.34 100%
Open Concrete Pavement 57817.00 231268.00 289085.00 1445.43 0.50% 289085.00 100%
City Centre, Sector-17 180389.04 721556.16 901945.20 18394.48 2.04% 901945.20 100%
SCO Concrete Façade 52035.30 208141.20 260176.50 7805.30 3.00% 260176.50 100%
Govt. Buildings Concrete 

Façade
11563.40 46253.60 57817.00 1734.51 3.00% 57817.00 100%

Office and Hotel Complex 28908.50 115634.00 144542.50 1806.78 1.25% 144542.50 100%
Museum and Arts 

College, Sector-10
40471.90 161887.60 202359.50 3237.75 1.60% 202359.50 100%

College of Architecture, 
Sector-12

1156.34 4625.36 5781.7 109.85 1.90% 5781.7 100%

PGI Campus, Sector-12 46253.60 185014.40 231268.00 3700.29 1.60% 231268.00 100%
Punjab University 

Campus, Sector-12
2890.85 11563.40 14454.25 231.27 1.60% 14454.25 100%

Administrative Block 2312.68 9250.72 11563.40 185.01 1.60% 11563.40 100%
Gandhi Bhawan 578.17 2312.68 2890.85 46.25 1.60% 2890.85 100%
Punjab, UT and other 

Govt. Off. Bldg. 
Façade, Sector-10

46253.60 185014.40 231268.00 3700.29 1.60% 231268.00 100%

SCO Bldg. Concrete Façade, 
MM, Sector-9

37002.88 148011.52 185014.40 4255.33 2.30% 185014.40 100%
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This calls for grading of the exposed cement con-
crete surfaces, effective maintenance and treatment 
to sustain the surface texture for a healthy work-
living environment in buildings.

Grading of concrete exposed surface texture

3.4 The word “texture” is co-related to many var-
ied or different characteristics of concrete surfaces 
in building structures. It predominantly refers to 
construction skills or techniques, grade & quality 
of the cement, sand & gravel in the concrete mix, 
tools & instruments used in laying of the cement 
concrete i.e. steel or wood shuttering. The texture 
in cement concrete structures is constituted by the 
physical form, shape, size & composition, colour, 
or finish of exposed cement concrete surfaces in 
habitable buildings. The key factors for a healthy 
or quality cement concrete texture are;

• A smooth and soft glossy surface texture
• Free of pitting, blisters, surface voids or 

damage.
• Free of dis-colouration due to pollution or other 

causes.

3.5 The study of Corbusier’s concrete buildings 
in the Capitol Complex and other parts of the 
city show a distinct and high quality of glossy or 
smooth concrete surface texture. The exposed con-
crete surface in privately constructed buildings in 
Sector-17 City Centre and other parts of the city 
is either rough or coarse and is not compatible to 
the concrete surface texture of Corbusier’s con-
crete buildings. Surface Textures (ST) are graded 
to facilitate sustainable restoration of differently 
placed exposed cement concrete surfaces, namely;

4 MAINTENANCE AND UPKEEP OF 
CONCRETE SURFACE TEXTURES

4.1 Conservation, restoration & maintenance of 
cement concrete structures of heritage buildings in 
Chandigarh City is undertaken by the Public Works 
Department, either with its own trained workers or 
through the private agencies as a specific job, on 
item rate basis. There are no norms, standards or 
specifications laid out in the Indian Standards or 
CPWD codes of practice to ensure satisfactory 
maintenance & upkeep of the heritage buildings 
on a regular, annual or daily basis. There is no 
standardized material for treatment of exposed 
concrete surfaces or adequate equipment, tools or 
instruments for maintenance & upkeep of concrete 
structures. No provision for permanent fixtures in 
the heritage buildings has been made to enable con-
servation, restoration or maintenance works for the 
exposed concrete surfaces in buildings.

4.2 Maintenance and upkeep of concrete surface 
texture of exposed external surfaces is subjected 
to weathering action. The exposed external sur-
faces require silicon or polymer based waterproof 
treatment. Alternately, household disinfectants in 
petroleum base were found suitable for treatment 
of internal exposed concrete surfaces to sustain its 
texture. The maintenance and upkeep of exposed 
concrete surface is generally carried-out by;

• Dry or Wet Process: cleaning the Cement Con-
crete surface infested with dust and cobwebs, 
etc. with water and brush.

• Optional, use mechanical or manual dry or wet 
process i.e. air or sand blasting, or steel or coir 
fibre brush for cleaning the concrete surface to 
remove carbonation.

• Mechanical or manual process i.e. compressed 
air pump with a spray gun to dry and clean the 
Concrete Surface.

• Protect & treat: all concrete surfaces with silicon 
or polymer based product or petroleum based 
product i.e. a mixture of sulphur free Diesel 
(low lubricant) 50% + Kerosene (absence of ole-
fin lubricant) 40% + 10% household insecticide-
disinfectant (by volume) with a 4” paint brush or 
a compressed air pump spray gun.

• Ensure fire and other safety requirements: includ-
ing use of silicone hand gloves, face mask, pro-
tective glasses etc. when treating or applying the 
aforesaid indigenously prepared mixture.

• Allow free flow of air & ventilation: in the room 
or interior portion of the building before occu-
pying it.

5 CONSERVATION OF CCA BUILDING: 
DEMONSTRATION EXERCISE

5.1 The construction of the Chandigarh College 
of Architecture Building was completed in 1963. 
The RCC parabolic roof is laid on wood form-
work. It therefore has a coarse or rough texture. 
Water proofing of the roof top was carried out 
by the Chandigarh Administration Engineering 
Deptt. in 2005–06. Though the roof water seepage 
has stopped, the exposed concrete roof ceiling sur-
face has hair cracks fissures, salt deposits and the 
surface voids of exposed concrete is infested with 
harmful insects, moths, mites and microbes.
5.2 The exposed concrete building façade and the 
entrance porch wall was constructed in September 
1963. Sun shade full size panel was drawn on a ground 
platform with 4” thick frame work. It was filled with 
sand and 1% of cement. Complete shuttering pattern 
was drawn and carved out in wooden formwork and 
anchored properly to hold the shuttering panels by 
using bolts at every 3’-0” (1.0 m) distance.
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Surface texture of exposed cement concrete roof

5.3 The gross exposed concrete roof surface area 
and the external exposed c.c. façade of the CCA 
Building is 5781.70 m2 The internal exposed con-
crete roof surface of a faculty room having 325 
sq ft (30.19 m2) was selected for the demonstra-
tion exercise to restore and treat its surface tex-
ture with petroleum based product. The external 
exposed c.c. façade is not covered in this exercise 
as it was partially restored with silicon / polymer 
based product by the Chandigarh Administration 
Engineering Department.

5.4 The exposed roof surface has fine hair crack, 
fissures, roof water seepage, salt deposit and is 
infested with cobwebs, insects and microbes. Over 
a long time period, the infested roof surface also 
effects the sensitive surface texture of the exposed 
concrete roof. It corrodes the roof surface texture to 
accumulate loose dust & sand, creating unhealthy 
work and living environment in the building.

Dry Process cleaning of exposed C.C. roof surface

5.5 Dry process cleaning of the coarse roof sur-
face was skilfully carried-out with wire brush, so 
as not to damage the concrete surface texture. 
Application of excessive pressure on wire brush 
damaged the surface texture (ST) and exposed 

the concrete. The exercise helped remove the dust 
and loose sand infested with mites-microbes. The 
“Dry Process” manual cleaning had to be handled 
skilfully to protect the surface texture crust from 
damage.

Wet process cleaning of exposed C.C. roof surface

5.6 The wet process cleaning with sponge and 
water helped further remove the loose dust and 
sand from the concrete roof surface. The process 
also helped to minimize moisture to protect corro-
sion of steel bars embedded in the concrete.

Figure 6. Chandigarh College of Architecture: Build-
ing façade concrete surface texture carbonation.

Figure 7. CCA Faculty Room exposed concrete roof.

Figure 8. CCA Faculty Room sky light concrete dome.

Figure 9. CCA Faculty Room surface dry process man-
ual cleaning.

Figure 10. CCA Faculty Room roof surface: Wet proc-
ess cleaning.
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Treatment of C.C. surface texture

5.7 Use of petroleum based products in the 
treatment of exposed cement concrete surfaces is 
evaluated vis-à-vis the use of lubricants at the time 
of laying of concrete on steel or wood formwork 
or mouldings. Petroleum based lubricants are 
healthy and are compatible when in contact with 
concrete and helps to develop a glossy of fine or 
smooth surface texture. It also helps concrete to 
breath in the process of its chemical reaction in its 
setting or hardening on the formwork or mould-
ing and its safe dismantling. It is also noted that 
the application of the petroleum based products 
added with compatible household insecticides on 
exposed cement concrete surface helps in sustain-
ing a healthy surface texture of concrete in habit-
able buildings.

5.8 The treatment of exposed cement concrete 
surface texture is regulated with a balanced use of 
lubricant to avoid its excessive accumulation on the 
concrete surface. Low sulphur diesel with or with-
out blended biodiesel and low lubricant content 
proportionately mixed with household insecticide 
was found most suitable for treatment of exposed 
cement concrete surface in habitable buildings. The 
following products have been experimented for its 
application in the treatment of the exposed cement 
concrete roof surface in the CCA Building.

 i) Low Sulphur Diesel: Petroleum-derived diesel 
is composed of about 75% saturated hydrocar-
bons (primarily paraffin-lubricant)), and 25% 
aromatic hydrocarbons (including naphthalenes 
and alkylbenzenes). It has excellent lubricant 
rust preventive properties, appearance-clear 
golden colour, flash point-low flammabil-
ity compared with other petroleum fuel. The 
lubricating property in Diesel is compatible to 
cement concrete surface textures as base ingre-
dient with household insecticides.

 ii) Kerosene: A hydrocarbon liquid, commonly 
used as low flammable fuel (37 to 65°C) in 
cooking and lighting. The major components 
of all kerosenes are; straight chain alkanes and 
naphthenes (cycloalkanes), which normally 
account for at least 70% by volume. Aromatic 
hydrocarbons do not normally exceed 25% by 
volume of kerosene streams. Olefin (lubricant-
paraffin) is usually not present or < 5% by vol-
ume, dry cleansing effect on exposed concrete 
surface.

 iii) Turpentine: A fluid obtained from pines trees 
composed of terpenes, mainly the monoterpe-
nes alpha-pinene and beta-pinene with lesser 
amounts of carene, camphene, dipentene, and 
terpinolene. It is an organic solvent used in 
spirit paint work. Its vapour damages the skin, 

eyes and respiratory system, as well as the cen-
tral nervous system when inhaled. Being com-
bustible, it also poses a fire hazard.

 iv) Phenyl: Derived from benzene (C6H6), related 
to a vinyl group is a aromatic product with car-
bon bonding. Phenyl compounds are hydro-
phobic, tends to resist oxidation and reduction. 
It is not compatible to petroleum base due to 
sedimentation of carbon particles in Phenyl.

 v) HP Finit: A household insecticide, very effec-
tive in knocking down & killing both flying and 
crawling insects like cockroaches, bed bugs, 
mites, mosquito, its larvae, Silverfish etc. HP 
Finit earlier marketed as FLIT, (Pyrethrum 
0.05%, Malathion 1.0%) in Kerosene base is 
environmentally friendly. It is a compatible mix 
with other petroleum products.

 vi) Rust Preventives: Contain corrosion inhibi-
tors, HP RUSTOP 286 process moderate water 
displacement characteristics, oil type non-
combination lubricant cum Rust Preventive. 
Physiochemical properties are, appearance-
clear, flammable flash point 190, kinetic vis-
cosity @ 40°C – 167 to 175.

 vii) HP Spray Oil-E: Non phytotoxic having excel-
lent wetting characteristics, used in dose of 2 
to 3% emulsion with water in apple orchards 
to control damage from organic pasts, physio-
chemical properties, appearance-clear, colour 
ASTM-6, kinetic viscosity at 40°C – 19, and is 
biodegradable.

5.9 Application of petroleum products was car-
ried-out to ascertain its effect on exposed concrete 
surfaces. It is noted that high lubricant content in 
rust preventives oil, is not compatible to treatment 
of exposed cement concrete surface. It is also noted 
that biodegradable oil spray used in apple orchards 
is also not compatible to exposed cement concrete 
surfaces. Inflammable turpentine used in varnish-
spirit polish for wood surfaces is also not compat-
ible to its application on exposed cement concrete 
surface. These products are therefore ruled-out for 
protective treatment of exposed c.c. surfaces.

5.10 Application of the other petroleum prod-
ucts was studied to ascertain a desirable mix suit-
able for protective treatment of exposed cement 
concrete surfaces. It is also noted that application 
of diesel or kerosene as petroleum base material, 
phenyl or finit as household insecticide on their 
own is not compatible for protective treatment of 
the exposed concrete surface to ensure a healthy 
work-living environment in buildings. Proportion-
ate mix of the aforesaid petroleum products (by 
volume) were used for protective treatment of the 
exposed cement concrete roof surface in the CCA 
Building.
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i. Diesel 50% + Kerosene 45% (petroleum base 
products) + Phenyl 5% household insecticide 
(hydrophobic benzene).

ii. Diesel 50% + HP Finit 50% household insecti-
cide in Kerosene base (totally petroleum based 
product).

5.11 It is noted that though diesel and kero-
sene petroleum product mix reduce the lubricant 
oil content by 50%, clear transparent light gold 
colour oil, the phenyl 5% by volume (household 
insecticide) add to its turbidity with carbon parti-
cles settling down in the glass (Figure 11). This was 
discarded to avoid carbon particles effecting the 
exposed cement concrete surface texture-colour. 
Alternately the petroleum product mix of Diesel 
50% and HP Finit 50% household insecticide in 
Kerosene base has a clear transparent mix for pro-
tective treatment of the exposed c.c. surface.

Petroleum product mix application on roof surface

5.12 The treatment-application of the petroleum 
product mix of Diesel 50% + HP Finit 50% house-
hold insecticide in kerosene base on the exposed 
cement concrete roof surface was carried-out 
manually with a hand paint brush and by pressure 
pump spray. The manual process with paint brush 
was found satisfactory. The mechanical process (air 
pressure pump with spray gun) was found more 
suitable for the coarse concrete roof with exposed 
surface voids.

6 COST EFFECTIVE RESTORATION

6.1 The cost of dry and wet process cleaning 
of both external and internal exposed concrete 
surfaces is generally the same. It is noted that 
comparatively cleaning of the external surfaces 

require erection of scaffolding. However the cost 
effectiveness of treatment of external exposed sur-
faces with silicon base or polymer based products 
is estimated at USD 2.59 (Rs. 160/-) per m2. It is 2 
times more as compared to application of petro-
leum based products works-out to USD 1.30 (Rs. 
80/-) per m2. Its application by manual or mechani-
cal processes does not show much variation. The 
cost of the dry and wet cleaning process, both may 
manual or mechanical works-out to USD 0.62 (Rs. 
40/-) per m2. The use of petroleum based mix for 
complete manual restoration of the internal con-
crete roof surface with mechanical pump-spray 
gun used in the CCA Building demonstration exer-
cise works-out to USD 1.71 (Rs. 106/-) per m2 i.e. 
approximately Rs. 10/- per sq ft.

7 FINDINGS AND CONCLUSIONS

7.1 Physical assessment and grading of exposed 
cement concrete surface texture (Table 1) show 
that the damage of concrete structures in the Capi-
tol Complex is approximately 1.01% as compared 
to private owned concrete buildings in Sector-17 
(2.04%) and along Madhya Marg Sector-9 (2.3%). 
It is also noted that the damage of exposed con-
crete surface texture is predominantly due to struc-
tural alterations and faulty repair of the building 
façade. Effort need to be made to protect, conserve 
and restore the truthfulness of material in the con-
trolled building façade in the Chandigarh City 
Landscape.

7.2 The dry, wet, chemical cleaning process, for 
exposed concrete surfaces, both manual or mechan-
ical has to be viewed as unique or specific for var-
ied structural conditions or surface textures. The 
mechanical cleaning process through high air or 
water pressure with or without chemical additives 
should be avoided to avoid damage of the concrete 
structure or the fragile surface texture. Mechanical 
sand blasting cleaning process, invariably damages 

Figure 11. Petroleum based products for treatment of 
exposed concrete surface texture, i) Diesel in large green 
bottle container, ii) Phenyl household insecticide, iii) 
Turpentine Oil, iv) Kerosene in blue colour and v) Finit 
household insecticide in Kerosene base.

Figure 12. Application of petroleum base mix in res-
toration-treatment of roof surface in faculty room CCA 
Building.
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the fragile exposed concrete surface texture and 
should be generally avoided, unless absolutely nec-
essary for cleaning of the voids in rough or coarse 
exposed concrete surfaces.

7.3 The “Wet Process” of manually cleaning 
the concrete roof surface with sponge and water 
achieved excellent / outstanding results in restora-
tion of the roof surface texture. It helped remove 
dust and loose carbon particles left behind in the 
dry process. It also helped to strengthen the frag-
ile roof concrete surface texture. The appropri-

ate cleaning methods and treatment for cement 
concrete surfaces based on the graded textures 
to determine the most effective method is recom-
mended as follows:

7.4 The petroleum product mix of i) Low Sulfur 
Diesel 50% ii) HP Finit 50% household insecticide 
in kerosene base oil, proved very effective in restor-
ing the exposed concrete surface texture. Difficulty 
was experienced in the application of the petro-
leum product mix with pressure pump spray gun. 
The spray gun nozzle is not designed for spray on 
horizontal roof surfaces, due to oblique angle of 
the oil cup vis-à-vis the spray gun nozzle.

7.5 The petroleum based product mix treatment 
(Figure 13) is very effective in the restoration of 
the exposed concrete roof surface. The mix has 
the right proportion of lubricants in its contents 
to restore the texture and colour without damag-
ing the fragile concrete crust surface texture. It is 
also noted that the mix is effective in sustaining the 
concrete surface texture.

Table 2. Cost effective restoration of exposed cement 
concrete surface texture.

Restoration
(Nature of Work)

External 
Surfaces
cost/m2

Internal 
Surfaces
cost/m2

Dry process cleaning:
i) Manual including cost 

of scaffolding
ii) Mech. sand blasting

USD 0.32 
(Rs. 20/-)
USD 0.32 
(Rs. 20 /)-

USD 0.29
(Rs. 18/-)
USD 0.32
(Rs. 20/-)

Wet process cleaning:
i) Manual sponge &amp; 

water
ii) Mech. PP washing

USD 0.32
(Rs. 20/-)
USD 0.32 
(Rs. 20/-)

USD 0.29
(Rs. 18/-)
USD 0.32 
(Rs. 20/-)

Surface Treatment  Material
i) Petroleum based mix
ii) Silicon or polymer based 

product

USD 0.65
(Rs. 40/-)
USD 1.62
(Rs. 100/-)

USD 0.65
(Rs. 40/-)
—
—

Surface Treatment  
Application

i) Manual
ii) Mech. PP spray

USD 0.65
(Rs. 40/-)
USD 0.97
(Rs. 60/-)

USD 0.32 
(Rs. 20/-)
USD 0.48
(Rs. 30/-)

Table 3. Recommended effective cleaning and treatment process for exposed cement concrete graded surface 
texture.

Graded surface texture Recommended
Surface
treatment

ST 1: Glossy, lustrous silver grey 
or beige colour.

Dusting, cleaning with soft cotton fibre 
dry mopper and clean portable water 
without any additives

Clear wax or petroleum jell, polish 
mix with diesel or kerosene

ST 2: Soft, fine to touch in silver 
grey colour

Coir or soft brush dry process with nylon 
sponge and water without any additives

Petroleum base proportionate 
mix with insecticide

ST 3: Smooth free from irregular 
surface voids or particles

Coir or soft brush dry process with nylon 
sponge and water without any additives

Petroleum base proportionate 
mix with insecticide

ST 4: Coarse medium or small 
granular surface, 
with surface voids

Wire brush, low pressure sand or water 
blasting mechanical process 
or wet process

Petroleum base proportionate 
mix with insecticide

ST 5: Course rough or large 
granular surface voids

Wire brush, low pressure sand or water 
blasting mechanical process or wet process

Petroleum base proportionate 
mix with insecticide

Figure 13. CCA Building faculty room “roof surface” 
showing, conserved and protected surface texture after 
restoration and treatment.
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Investigations into the cause and consequence of incipient anodes 
in repaired reinforced concrete structures
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ABSTRACT: The incipient anode (or halo) effect often occurs on repaired reinforced concrete struc-
tures. The diagnosis of this problem is widely reported in literature to be macrocell activity. It is deemed 
that the cause of incipient anodes is the loss of the natural cathodic protection provided by the corroding 
steel to the steel in the parent concrete adjacent to the patch repair. This diagnosis however, is based on 
very limited data. Indeed recent potential measurements on field structures repaired with cementitious 
proprietary materials have provided data that suggests that macrocell activity is not a cause of  incipient 
anode formation but is instead a consequence. Alternative mechanisms that may cause incipient anode 
activity include repair/parent material interface effects, residual chloride contamination within the parent 
concrete, and/or vibration damage to the steel/parent concrete interface during repair area preparation. 
The aim of the work presented here was to assess the impact of macrocell activity on the formation of 
incipient anodes around the perimeter of repairs in patch-repaired reinforced concrete structures. Data 
was collected from a major multi-storey car park and a bridge structure both located in the UK. The 
analysis challenges the widespread view that macrocell activity is a cause of incipient anode formation. 
Indeed this work illustrates that the data supporting the existing diagnosis is not convincing and suggests 
that macrocell activity is primarily a consequence of incipient anode formation and the cause is more 
likely to be a result of other factors.

of the repair process (Nounou and Chaudhary 
1999). This phenomenon is known as incipient or 
ring anode formation, or the halo effect (Dugarte 
and Sagues 2009, Page and Sergi 2000, Broomfield 
2007, Bertolini et al. 2013).

Page and Treadaway (1982) introduced the 
incipient anode concept with the observation that 
the redistribution of anodic and cathodic sites 
following concrete repair may affect future corro-
sion risk. Since then the incipient anode concept 
has developed and been described in a variety of 
ways.

Bertolini et al. (2013) state that, “If only concrete 
near the corroded reinforcement is replaced, the 
attack may start in the areas near to those repaired 
because they no longer benefit from the cathodic 
polarisation and, moreover, pitting corrosion may 
even be stimulated by anodic polarization from the 
repassivated steel in the repaired zone”.

Concrete Society (2011) states that, “The repair 
of only those sites which are actively corroding in 

1 INTRODUCTION

Corrosion of steel reinforcement affects many 
concrete structures. Patching is a common repair 
technique that involves the removal of physically 
deteriorated concrete (usually by hydro-demolition 
or jack hammer), cleaning the steel reinforcement 
within the patch and finally restoring the concrete 
profile with a proprietary repair mortar by hand, 
trowel, spray or other means (Dugarte and Sagues 
2009, Christodoulou et al. 2011, Christodoulou 
et al. 2013, Christodoulou et al. 2014a, Concrete 
Society 2000, Concrete Society 2009). This proc-
ess aims to protect the repaired area and makes the 
steel within the repair area passive by removing the 
previously corroding anodic area (Page and Sergi 
2000, Broomfield 2007). However, in many cases 
further corrosion induced deterioration has been 
observed in the parent concrete in the immediate 
area surrounding the patch repairs, sometimes 
even within a few months following completion 
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a chloride-contaminated structure is likely to stimu-
late corrosion at sites adjacent to the repair. This 
phenomenon is known as the incipient anode, ring 
anode or halo effect”.

Whereas British Standards Institution (2012) 
states that, [When] “an anode develops on reinforc-
ing steel in concrete, particularly due to chloride 
attack, it provides “natural” cathodic protection to 
the adjacent steel.” When this anodic site is repaired 
it “allows the previously “naturally cathodically pro-
tected” adjacent areas to start corroding”.

Many of the references above suggest that a 
contributing factor to incipient anode formation 
is the loss of the natural cathodic protection pro-
vided by the corroding steel to the steel in the par-
ent concrete adjacent to the patch repair. However 
in some cases it is suggested that patch repairs 
stimulate corrosion as a result of enhanced mac-
rocell activity, where anodes and cathodes sepa-
rated possibly at a considerable distance from one 
another are formed.

The aim of the current work was to assess the 
impact of macrocell activity on the formation of 
incipient anodes around the perimeter of repairs 
in patch-repaired reinforced concrete structures. 
A multi-storey car park and a bridge, both con-
structed of reinforced concrete provided empiri-
cal data. This paper considers site-obtained data, 
together with data published previously by others 
(Christodoulou et al. 2013).

2 METHODOLOGY

This section describes the details of the structures 
selected and the testing regime employed.

2.1 Structures

A large multi-storey reinforced concrete car park 
(MSCP) in the East Midlands, UK and a 180m 
long multi-span reinforced concrete bridge in 
North Scotland, UK, were used for site trials to 
identify evidence for the formation of incipient 
anodes adjacent to concrete patch repairs. Both 
structures were approximately 40 years old and 
had suffered extensive chloride-induced corrosion 
damage. The structural arrangement of the MSCP 
was a one-way spanning ribbed slab. The typical 
thickness of the slab between ribs was only 80 mm 
and was lightly reinforced, primarily with 8 mm 
steel mesh. The maximum cover to the reinforce-
ment was only 20 mm, although there were several 
areas, usually at the overlap locations, where cover 
was reduced to around 10 mm or less.

The structural arrangement of the reinforced 
concrete bridge structure consisted of 18 equal sim-
ply-supported spans with a total bridge length of 

approximately 180m. The supports consisted of steel 
piles connected with a reinforced concrete pile cap, 
supporting prestressed concrete beams with lightly 
reinforced concrete infill making up the deck.

Both structures were in an advanced stage of 
concrete deterioration and reinforcement cor-
rosion as a result of the use of de-icing salts, the 
bridge structure was also exposed to an aggressive 
marine environment. For the car park, deteriora-
tion affected primarily the decks, the parapets and 
the soffits around the areas of leaking expansion 
joints. For the bridge structure, concrete deteriora-
tion affected primarily the reinforced concrete pile 
caps due to water leaking through the joints and 
the ends of the prestressed concrete beams which 
were resting on top of the pile caps.

All areas of concrete deterioration where broken 
up, by jack hammer on the MSCP and hydro-dem-
olition on the bridge, the steel cleaned by rotary 
steel wire brushes and repaired with proprietary 
cementitious materials as described in Section 2.3.

2.2 Testing

The testing involved potential mapping, carbona-
tion measurement and chloride profiling.

2.2.1 Chloride analysis
Historical data was available for chloride con-
centration profiles throughout the MSCP over 
the period 1997 to 2008. The data illustrated that 
for the depth band of 0–25 mm (where reinforce-
ment was located) at least 85% of the test loca-
tions exceeded the suggested threshold of 0.3% by 
weight of cement (Design Manual for Road and 
Bridges 1990).

For the reinforced concrete bridge, 27 dust 
samples were taken in total, at depths of 25 mm 
to 125 mm at 25 mm increments, from the pre-
stressed concrete beams and from the reinforced 
concrete pile caps. Chloride content of the samples 
was determined by an independent laboratory to 
BS 1881, Part 124 (Design Manual for Road and 
Bridges 1988). The chloride concentration of only 
one dust sample was below the suggested threshold 
0.3% by weight of cement. Concentrations of up 
to 1.89% by weight of cement were identified even 
at depth bands of 75–100 mm.

2.2.2 Potential mapping
The performance of the repairs was assessed by 
means of surface potential mapping in which the 
steel potential was measured against the poten-
tial of a reference electrode (Concrete Society 
2004, American Society for Testing and Materi-
als 2009, Christodoulou et al. 2010 Christodoulou 
et al. 2014b, Dodds et al. 2014). A portable Ag/
AgCl/0.5M KCl reference electrode was primarily 
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used for the testing together with a high impedance 
multi-meter. Direct steel reinforcement connections 
were not always possible and in some cases only 
relative values could be obtained. Notes within the 
Figures identify whether the steel potential values 
are relative or absolute values.

Following reinstatement of the patches, the 
area was allowed to cure for at least 10 days before 
undertaking surface potential mapping with fre-
quency of testing set at approximately 10 day inter-
vals. The spacing used for the potential mapping 
was on a grid of 50 mm by 50 mm in order to easily 
identify the formation of macrocells.

2.3 Repair materials

Details of the repair materials are included in 
Table 1, alongside a description of their chemical 
base and characteristics.

3 RESULT

3.1 Multi-Storey Car Park (MSCP)

Potential mapping results for a concrete patch 
repair using material type A after a period of 30 
days are shown in Figure 1. It can be observed that 

following repair the potentials of the steel within 
the repair area have been pushed to more negative 
values.

The surface potential mapping results before 
and 30 days after a concrete patch repair using 
material type A are shown in Figure 2. Following 
repair, it can be observed that the potentials of the 
steel within the repair area were pushed to very 
negative values and remained more negative than 
the potentials of the steel in the parent concrete 
for the first 30 days. In addition, it can be observed 
that the potentials of the steel in the parent con-
crete were also affected.

Figure 3 illustrates the potential monitoring of a 
repair using Material A over a period of 246 days. 
The early age results (15 days) show that the steel 
potentials within the patch repair were depressed 
to very negative values as a result of the fresh 
alkalinity provided by the repair mortar. The steel 
potentials shifted to less negative values as the age 
of the patch repair increased, however, at no point 
within the 246 days of monitoring did the poten-
tials of the steel within the patch rise above the 
steel potentials in the parent concrete.

Similar behavior was observed for all the patch 
repairs monitored as part of this work, confirming 
consistency on the results obtained.

Material
Structure 
type

Repair 
location

Chemical Base & 
Characteristics

A MSCP Deck Shrinkage compensated, 
pourable, polymer 
modified concrete, 
trowel finished

B Bridge Soffits 
and 
vertical 
faces

Shrinkage compensated, 
dry sprayed, polymer 
modified micro-con-
crete, trowel finished Figure 1. Potential mapping monitoring of material 

type A on car park deck repair.

Figure 2. Surface potential mapping on car park repair (a) before and (b) 30 days after repair with material A. 
Dashed line in (b) illustrates extent of patch repair.
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3.2 Bridge structure

Similar behavior was observed for all the patch 
repairs from the bridge structure too and a random 
sample of the monitoring data is reported here.

Figure 4 illustrates the potential monitoring on 
a bridge repair using material type B. The poten-
tials of the steel within the patch repair remained 
more negative than the potentials of the steel in the 
adjacent parent concrete over a period of 83 days.

4 DISCUSSION

4.1 Cause or consequence

Figure 5, illustrates three cases of steel potential 
changes between parent concrete and repair mate-
rial. The effect of an incipient anode on the steel in 
the parent concrete adjacent to the repair is repre-
sented by the potential plot for cases 1 and 2.

Case 1 represents the traditional textbook 
understanding of the cause of incipient anode for-
mation (Page and Sergi 2000, Broomfield 2007).

In this hypothesis, the steel within the repair 
passivates as a result of the alkalinity of the fresh 
repair material, the absence of chlorides and the 
abundance of dissolved oxygen in the pore solution 
of the freshly mixed concrete or repair mortar.

The steel potential in the repair rises above 
the passive steel potential in the parent concrete 
resulting in a macrocell that induces passive film 
breakdown and causes an incipient anode to form 
adjacent to the repair.

Case 2 represents the laboratory data (Page and 
Sergi 2000) which provided some initial support 
for macrocell induced incipient anode formation. 
In this example a concrete slab was cast and then 
repaired under laboratory conditions. The reported 
data showed two possible areas of incipient anode 
formation. Only one of these was located adjacent 
to the repair area (Figure 6). This would suggest 
that the residual chloride content was sufficient on 
its own to cause corrosion. In addition, the poten-
tial of the steel in the repaired area did not substan-
tially differ from the potential of the steel in the 
parent concrete. The formation of new corrosion 

Figure 3. Evolution of average potential readings 
through the patch repair with material A as a function 
of time.

Figure 4. Potential mapping monitoring on a bridge 
repair with material type B.

Figure 5. Three cases of potential changes between par-
ent and repair concrete.

Figure 6. Open circuit steel potentials of a slab follow-
ing 2 months of conventional patch repair (potential vs 
Standard Calomel Electrode) (Page and Sergi 2000).
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sites adjacent to the repaired area should be no dif-
ferent to that at other locations on the structure. 
The data only shows that some natural cathodic 
protection that may have been provided by a previ-
ously corroding area of steel to adjacent steel was 
removed in the repair process.

The benefit provided by this natural cathodic 
protection is questionable because corrosion of a 
steel anode results in expansive products that cause 
disruption to the surrounding concrete [19–20]. 
This may be the reason why reinforcement corro-
sion tends to spread laterally along the steel bars 
in conditions that also result in expansive corro-
sion products as opposed to forming deep pits as 
is the case for passive metals in other environments 
including steel in water saturated concrete.

A related observation has been made in relation 
to the influence of a macrocell caused by coupling 
stainless steel to steel in concrete. The impact of 
a stainless steel/mild steel couple on inducing cor-
rosion on the mild steel has been reported to be 
no different to that of a passive mild steel/mild 
steel couple and did not increase the corrosion 
damage reported on the mild steel (Bertolini et al. 
1998, McDonald 1995). By the same argument, 
it is unlikely that a macrocell formed by coupling 
the steel in the repair area to steel in the parent 
concrete will have any substantial impact on induc-
ing additional corrosion on the steel in the parent 
concrete.

Case 3 represents the findings of the present 
study of two full scale reinforced concrete struc-
tures, after being patched with three cementitious 
proprietary repair materials. The steel in the patch 
appears has a more negative potential than the 
steel in the parent concrete. Although potentials 
shifted to more positive values with time, they were 
always more negative than the potential of the steel 
in the parent concrete, as evidenced by Figures 1 to 
4. Such an observation is not unique and has also 
been made by Cleland et al. (1997), and by Morgan 
(1996).

Some possible reasons for the case 3 behaviour 
include the build-up of the oxide film or that a 
membrane or streaming potential exists between 
the parent and the patch concrete (Schiegg et al. 
2009, Angst et al. 2009). However, they do not 
dominate the time dependence to the extent that 
steel potentials in the repaired area rises above that 
in the parent concrete over time. Thus, the data 
from this study, like that of Cleland et al. (1997) 
and Morgan (1996) provide no evidence to indicate 
that macrocell activity is a cause of incipient anode 
formation in aged concrete structures repaired with 
proprietary repair materials. This suggests that, 
on balance, macrocell activity is a consequence, 
not a cause, of incipient anode formation in these 
circumstances.

4.2 Factors affecting potential

The pH of the environment can have a strong 
impact on equilibrium potentials with a higher pH 
resulting in more negative equilibrium potentials 
(Figure 7). A change in pH from 12 to 13 will result 
in a 60 mV drop (against the standard hydrogen 
electrode) in the equilibrium potentials between 
iron and its products and in the equilibrium poten-
tial for the oxygen and hydrogen reactions (Pour-
baix 1990). Fresh repair concrete may well have a 
higher pH than aged concrete because the reaction 
between hydroxide and silica within the concrete 
or between hydroxide and carbon dioxide in the air 
will tend to reduce the pore solution pH to that of 
one of the more abundant buffering solid phases 
present.

The change in pH between the repair mate-
rial and the parent concrete can also give rise to a 
membrane potential. This results due to diffusion 
of hydroxide ions from the patch repair to the par-
ent concrete and a resulting build-up of charge on 
the walls of the pore system at the repair interface 
(Glass and Buenfeld 2000). A residual charge on 
the pore walls at the repair interface results from 
dissimilar dissolution of the solid phase and repre-
sents a membrane. The effect of the charge results 
in positive and negative ions diffusing at very dif-
ferent rates through the pore system and induces 
a membrane potential. Studies on membrane 
potentials in concrete suggest that large membrane 
effects are transient.

Passivity and oxygen availability affect the 
anodic and cathodic kinetics. Oxygen is consumed 
to passivate the steel in the repaired area. Propri-
etary repair materials may have a low permeability 

Figure 7. Modified Pourbaix diagram for the stability 
of iron (Pourbaix 1990).
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that restricts oxygen access and increase resistance. 
In addition, Morgan (1996) concluded that the use 
of polymer, styrene butadiene or acrylic modified 
cement mortars did not affect corrosion of steel in 
adjacent unrepaired areas.

4.3 Cracks and the repair material interface

Cracks may occur at the interface between the 
parent concrete and the repair material following 
patch repair of concrete structures. The presence 
of such cracks can be attributed to drying, or plas-
tic shrinkage, thermal or stiffness incompatibility, 
poor curing, surface preparation or a combination 
of these (Concrete Society 2000, Concrete Society 
2010). Admixtures can be used to increase the vol-
ume of the repair material during early age harden-
ing of shrinkage compensated materials. However, 
the material will often undergo an S-shaped expan-
sion-contraction cycle (Szilágyi et al. 2007). 
Although close to zero, net unrestrained shrinkage 
can be achieved in such shrinkage compensated 
materials; there may be some limited retained 
shrinkage which can give rise to crack because the 
early expansion part of the cycle is restrained by 
the parent concrete.

Chadwick (1993), examined the corrosion pro-
tection afforded by single cast, cast in two halves 
and patch repaired specimens. He observed a 
major reduction in the corrosion protection for 
the latter two types of  specimens and suggested 
that it is not necessary for chlorides to be present 
in the parent concrete for incipient anodes to 
form at the interface. He suggested that it is only 
necessary to expose the repaired concrete ele-
ment to a chloride contaminated environment as 
the interface between the two concrete or mor-
tar materials provides easier access for chloride 
penetration.

Thus, the interface between repair material and 
parent concrete may provide a path for chlorides 
to penetrate preferentially into the substrate. The 
extent of this effect will be dependent on surface 
preparation, application techniques, curing, mate-
rial properties and compatibility with the parent 
concrete. The presence of visible cracks may be 
obscured by trowel finishing the repair, or a coat-
ing (if  applied).

Crack formation in reinforced concrete struc-
tures and its relationship to corrosion has been 
established by a number of studies (Raupach et al. 
1996, Schiessl et al. 1997). In particular, it has been 
shown that the reinforcement within and around 
the crack zone will start to corrode first. Chad-
wick (1993) also observed that the presence of 
construction joints in the same material resulted 
in corrosion initiating at lower chloride levels and 
concentrated at the joint interface.

4.4 Incipient anode formation

As just described, factors that may cause incipient 
anodes to form include repair material interface 
effects, residual chloride contamination and dam-
age to the steel-concrete interface during repair 
preparation. Furthermore, cracks and interfacial 
effects between parent concrete and repair material 
provide an easier path for the chlorides to penetrate 
into the substrate. The parent concrete may have a 
higher permeability than the new repair material 
and this will aid the diffusion process.

The parent concrete is also likely to have some 
residual chloride contamination that may promote 
corrosion. The preparation of the repair area usu-
ally requires the mechanical removal of concrete 
that can cause damage to (or defects at) the inter-
face between the unexposed steel and the parent 
concrete adjacent to the repair area. This increases 
the corrosion risk by lowering locally the chloride 
threshold level (Glass et al. 2007).

The repair of corroding areas removes the anode 
in this location and any “sacrificial” cathodic pro-
tection effects that were previously applied to the 
steel in the surrounding regions. However, it has 
been suggested that the detrimental effect of a cor-
roding steel anode in concrete probably outweighs 
any beneficial effects that were provided previously 
by such an anode (Bertolini et al. 1998, Christo-
doulou et al. 2013). In other words, a corroding 
steel anode causes more damage than it prevents.

5 CONCLUSIONS

While the incipient anode effect often occurs on 
repaired reinforced concrete structures, potential 
measurements taken on structures repaired with a 
variety of proprietary repair mortars over a period 
of up to 250 days suggest that macrocell activity 
does not stimulate incipient anode formation. No 
evidence was found from potential measurement 
data obtained in this work to support the hypoth-
esis that macrocell activity is a cause of incipient 
anode formation.

The use of cementitious proprietary repair 
materials may permanently depress steel potentials 
within the repair area. Reasons for this include the 
common low permeability and high pH of these 
types of materials. A high pH in an area of repair 
would result in a negative shift in steel potentials 
because equilibrium potentials of steel in concrete 
are more negative at the high end of the pH range.

Cracks can develop at the repair/substrate 
interface even when using shrinkage compensated 
repair materials, which may provide an easier path 
for chlorides to penetrate into the substrate. This 
is due to the fact that the shrinkage compensated 
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material undergoes an “S” shaped strain curve, 
even in an unrestrained case where no net strain 
occurs, which can result in shrinkage during the 
final phase. The extent of these cracks will be 
dependent upon surface preparation, application 
techniques, material properties, adhesion between 
the repair material and parent concrete and curing 
conditions. Such cracks may be obscured by trowel 
finishing of the repair, or a coating (if  applied).

An increased number of incipient anodes adja-
cent to areas of concrete repair may arise from one 
or more of the following reasons:

• chlorides may enter the concrete through 
the interface between the parent and repair 
material,

• parent concrete adjacent to the repair area may 
have an above average level of residual chloride 
contamination that is sufficient on its own to 
cause corrosion, and/or

• preparation of a repair area may result in vibra-
tion damage at the steel interface with the adja-
cent parent concrete.
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ABSTRACT: As a result of bad quality sealing, moisture and de-icing agents penetrated into pre-
stressed hollow core slabs of the top floor in a freely exposed parking garage. Caused by the chlorides the 
slabs showed especially heavy damage in the support regions near the joints. The theoretical shear bearing 
capacity according to the technical approval of these slabs was strongly questionable because of the dam-
age. With the help of an experimental loading test in-situ the influence of the damage on the shear bearing 
capacity of the slabs with different damage-levels could be determined. The experimental results allowed 
a secure evaluation on how many slabs had to be replaced or could be repaired.

For the experimental investigation of the shear bearing capacity of the hollow core slabs a combination 
of Photogrammetry, Acoustic Emission Analysis and section-wise curvature measurement was used to 
determine the beginning shear damage on a very low level during the test. The comparison of the results 
of the different measuring techniques allowed a clear identification of the damage processes and increased 
the information quality about the bearing condition of the slabs during the experimental investigation 
significantly. With the results of the loading tests it was concluded how many slabs had to be replaced and 
which could further be used.

material properties a main focus lies on the evalua-
tion of the bearing capacity and bearing safety.

Often a theoretical proof of the bearing capac-
ity and serviceability of existing structures is not 
successful because of missing information on the 
construction, damages or uncertainties about the 
material properties and the loading history. In such 
cases an experimental investigation of the bearing 
safety (loading test) is an alternative method for a 
secure and economic determination of the bear-
ing safety of existing structures. In most cases it 
is therewith possible to evaluate the bearing char-
acteristics realistically. Hidden reserves can be 
detected so that expensive strengthening or even 
a replacement are not necessary. Prerequisite for 
an experimental investigation of the load bearing 
safety is, that the test must not cause any kind of 
damage that affects the future use or durability of 
the structure (secure determination of the ultimate 
test load). Yet, such criteria only exist for ductile 
failure modes of reinforced concrete structures. 
Therefor loading test of reinforced or pre-stressed 
concrete structures with low ductile failure modes 

1 INTRODUCTION

The condition of the existing infrastructure is an 
important location factor for every country. Dif-
ferent experts have estimated the worth of the 
existing stock of structures in Germany to 20–25 
trillion Euro [1]. During lifetime, structures are 
exposed to permanent aging and deterioration. 
Because of the large number of existing structures, 
it is obvious that not all of them can be replaced 
only because the proof of a sufficient load bearing 
capacity according to today’s code requirements 
is not successful. The lack of financial capacities 
and resources along with the idealistic value of 
the structures are reasons, why civil engineers are 
today more and more asked to preserve existing 
structures and ensure their bearing safety.

The evaluation of the load bearing safety of 
existing structures, on principle, requires a differ-
ent approach than for new structures. The struc-
ture already exists and its geometry and structural 
characteristics can only hardly be influenced. 
Apart from the investigation and assessment of the 
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(e.g. reinforced concrete elements without shear 
reinforcement, pre-stressed concrete structures) 
can only be carried out in exceptional cases. For 
such structural elements already a small structural 
change can cause an intolerable damage, an inad-
missible loss of pre-stressing or even a reduction of 
the bearing capacity. The aim of a research project 
funded by the initiative “Zukunft Bau” of the Ger-
man Bundesministerium für Bau—und Raumord-
nung [2] aimed to close this gap of knowledge, to 
investigate brittle failure modes and develop ulti-
mate test load criteria.

2 DESCRIPTION OF THE TASK

2.1 City-Center Greiz, initial situation

The City-Center in Greiz was built in the late 
1990s and is a prefabricated pre-stressed concrete 
construction. In the two lower floors of  the four 
storey building (Figure 1) stores and restaurants 
are placed and the two upper floors are used 
for parking. Both parking decks are ventilated 
and the upper deck is also freely exposed to the 
weather.

During lifetime several defects and damages 
of the sealing of the slabs between the upper and 
lower parking decks have been detected. These 
defects caused the penetration of water and de-
icing agents into the concrete of the pre-stressed 
slabs. This moisture penetration led to visible dam-
ages (spalling, corrosion) on the lower surfaces of 
the slabs (Figure 2).

The damages concentrated close to the supports 
of the slabs and investigations of the chloride con-
tamination in these areas showed high and criti-
cal values of chloride. In connection with the bad 
visual condition of the support areas, temporary 
steel frames were erected to strengthen the support 
areas (Figure 3) [3].

2.2 Rehabilitation concept and material 
investigations

The bad condition of the slabs and the temporary 
steel strengthening were no satisfying situation 
for the owner of the City-Center and he engaged 
the authors and the Ingenieurbüro für Bauwerk-
serhaltung Weimar to develop a rehabilitation 
concept.

In the course of the inspection of the damaged 
slabs numerous material investigations were carried 
out. Additional to the visual inspection, the extent 
and progress of the corrosion of the pre-stressing 
reinforcement was determined by Potential Meas-
urements, the moisture penetration, the chloride 
contamination as well as the carbonation progress 
were investigated. These material investigations 
allowed a classification of the slabs according to 
their damage level into three groups (low, medium 
and heavy damage). The results showed that the 
heavily damaged slabs were not able to fulfill the 
requirements of durability because of the high 
moisture penetration and chloride contamination. 

Figure 2. Moisture penetration through the joints 
between the slabs.

Figure 1. The City-Center Building in Greiz, Germany.
Figure 3. Steel girder construction to strengthen the 
supports.
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For the repair of the material damages a concept 
was developed that included the renewal of the 
parking deck sealing and a coating of the bottom 
surfaces of the slabs.

More difficult was the evaluation of the bearing 
safety of the pre-stressed hollow core slabs because 
of the severe damages. For a bending failure at mid 
span a sufficient safety margin between first crack-
ing and yielding of the pre-stressing strands could 
be guaranteed because a damage of the strands or 
an excessive loading would lead to large deflec-
tions and would be accomplished by extensive 
cracking which could be detected during regular 
inspections.

In contrast the evaluation of the shear bear-
ing safety and the anchorage of the pre-stressing 
strands was more complicated because of the 
damages at the supports. The shear failure of hol-
low core slabs is brittle and it must be feared that 
the failure happens in the moment the first shear 
cracks would appear. A theoretical proof of the 
shear bearing safety was not possible because the 
influence of moisture and chloride couldn’t be 
quantified. The temporary strengthening of the 
supports of slabs was also not able to prevent a 
sudden shear failure.

Because the shear bearing safety couldn’t be 
proven, theoretically all questionable slabs had 
to be renewed, which was also no satisfying solu-
tion for the owner. Therefore it was decided, that 
all slabs with heavy damages had to be exchanged. 
To determine whether slabs with a medium dam-
age degree also had to be replaced or not, a load-
ing test was planned, with which a representative 
amount of slabs with medium damage were tested 
to evaluate their shear bearing safety.

3 EVALUATION OF THE SHEAR BEARING 
SAFETY

3.1 Load bearing behavior of precast and pre-
stressed hollow core slabs

Pre-stressed hollow core slabs are prefabricated 
concrete slabs, which allow long spans and a rapid 
construction progress because of the pre-stressing 
in the pre-tensioning bed and the low self  weight. 
They are produced industrially in 100 m till 200 m 
long strips and saw-cut into the needed lengths. The 
slabs can be produced up to 16 m span with heights 
of 150 till 400 mm [5]. The slabs consist of plain 
concrete with several pre-tensioned strands. The 
pre-stressing with immediate bond is initiated into 
the concrete over the so called transfer length from 
the end of the slabs. Hollow core slabs are built 
without any un-tensioned reinforcement, because 
it would disturb the industrial casting process.

Hollow core slabs are flexure dominated ele-
ments and have a very high bending resistance due 
to the pre-stressing and the high concrete quality. 
In case of overloading a bending failure is clearly 
announced through extensive crack development 
along the element span. With increasing load the 
cracks grow further into the compression zone 
where they branch apart and constrict the height 
of the compressive zone. The failure is caused by 
yielding and finally the rupture of the strands. 
Does cracking spread out into the support areas 
it is possible that the cracks develop in the transfer 
length (area of partial pre-stressing) and lead to a 
sudden failure of the anchorage of the strands.

Under single loads near the support there is also 
a danger that shear cracks develop when the prin-
cipal tensile stress reaches the tensile strength of 
the concrete and these shear cracks rapidly spread 
into the compression zone and to the anchorage 
and therewith cause a sudden shear failure. In 
experimental investigations [6] also shear compres-
sion failures have been observed.

The theoretical proofs of the serviceability and 
bearing capacity of hollow core slabs are regulated 
by DIN EN 1168 [7], [8]. According to [7] the shear 
bearing capacity has to be determined for two situ-
ations: for sections with bending cracks according 
to [9] and for section without bending cracks by a 
limitation of the diagonal principal tensile stresses 
according to [7].

The hollow core slabs of the City-Center had 
a span of 7.07 m and a height of 200 mm. The 
theoretical shear bearing capacity was determined 
according to [7] to VRd,c = 66.80 kN. The theoretical 
shear strength was the basis for the planning of the 
experimental loading test and the aim test load.

3.2 Planning the experimental evaluation of the 
shear bearing safety

For experimental evaluations of the bearing 
safety a self-secured hydraulic loading system is 
used, with which the structure can controllable be 
loaded in the decisive sections. Contrary to loading 
tests with mass-forces, “self-secured” means that 
the applied force is automatically and immediately 
reduced when unexpected growths of deformation 
occur as non-linear reactions of the structure. In 
this case the oil pressure in the hydraulic jacking 
system automatically decreases and the slab is 
unloaded. Furthermore, the reaction forces due 
to the loading are re-anchored at the supports and 
the cycle of force is closed directly at the tested 
element, without influencing other construction 
elements.

The deformations of the load-tested element 
are simultaneously measured. Loading and defor-
mation measurements are presented online on a 
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computer during the test and are evaluated with 
the criteria defined in the German guideline for 
load testing [10] or criteria, which are specific for 
the tested structure. The load is stepwise increased 
in defined loading and unloading cycles till the aim 
test load ext Faim or the ultimate test load ext Flim is 
reached. The aim test load represents the required 
loads (characteristic loads) and all partial safety 
factors. The ultimate test load is maximum load 
which does not yet cause any damage to the inves-
tigated structure, that reduce the future load bear-
ing safety or serviceability. This load must not be 
exceeded during a loading test.

In the investigations the ultimate test load at 
first and then the load reserve till failure were to be 
determined. Therewith the ultimate shear strength 
and information about the dominating failure 
mode should be gained. This was very important 
to clarify the margin of safety between character-
istic and failure load. All load-tested slabs were 
replaced after the tests and to prevent a collapse 
during the tests, a scaffolding was erected under-
neath the slabs.

The experimental setup was planned accord-
ing to the regulations given in DIN EN 1168 [7], 
Appendix J, which defines loading conditions 
for shear testing. The load has to be applied as a 
line load at a distance of 2.5⋅h from the support. 
Figure 4 shows the experimental setup with the 
loading frame, the application of the load and the 
re-anchorage at the supports.

The special character of this experimental eval-
uation of the load bearing safety of hollow core 
slabs was that the expected failure mode was a brit-
tle shear failure. To be able to detect even smallest 
structural changes or deformations before the fail-
ure takes place, a combination of different meas-
uring techniques was applied [2]. Additionally to 
conventional deformation measurements with 
inductive displacement transducers, which were 
used to measure the deflection, the concrete strain 

in the compression zone and the change of the 
slab thickness (vertical deformation), inclination 
sensors to determine the section-wise curvature, 
Acoustic Emission Analysis (AE) and the photo-
grammetric measuring technique have been used.

This should ensure, that already smallest struc-
tural changes, which indicate a non-linear bear-
ing condition and therewith a beginning damage, 
should be detected at a very low level. Figure 5 and 
6 show the application of the different measuring 
techniques (AE sensors were placed on the bottom 
surface of the slab).

3.3 Theoretical considerations of safety

Because of the great amount of damaged slabs it 
was impossible to experimentally investigate all of 
the questionable slabs to determine the shear bear-
ing safety. Therefor a limited number of slabs were 
chosen which represented a characteristic sample 
of the whole population of the damaged slabs. In 
total 5 characteristic slabs (two with heavy and 
three with medium damages) were tested and the 
results of these tests used as the basis for an overall 
evaluation of the shear bearing safety of all slabs 
of the City-Center.

Prior to testing the slabs had to be cut free along 
their longitudinal joints to exclude any positive 
influence of load transfer to the neighbored slabs. 
Additionally the mortar joints at the supports and 
the additional concrete layer on top of the slabs 
were removed.

The aim test load was determined with the theo-
retical values of the shear bearing capacity. The 
test loads were calculated with the characteristic 
design loads according to [7], with a characteris-
tic self  weight of 2.81 kN/m, an additional dead 
load of 1.09 kN/m, a live load of 10 kN/m and a 
single live load of 10 kN. Additionally to the par-
tial safety factors according to DIN EN 1991-1-1 

Figure 4. Experimental setup with loading frame.
Figure 5. setup of the photogrammetric deformation 
measure-ment in the support region.
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[11], further safety factors were applied to cover 
the uncertainties of transferring the results of the 
characteristic sample of slabs to the whole popula-
tion of the slabs of the City-Center, that have not 
been tested directly.

To consider the deviation in geometry and mate-
rial strength of the not directly tested slabs the par-
tial safety factor for unreinforced concrete γc = 1.80 
and for the deviation of the system characteristics 
and additional transmission factor of γt = 150 was 
chosen.

Because the self  weight of the slab is fully deter-
ministic and activate during the test, it need not 
be considered in the calculation of the external 
test loads. The shear force under design loads is 
VEd = 45.85 kN. Considering all mentioned safety 
values for the transfer of the test results, the aim 
test load is Vaim = 1.5 ⋅1.8 ⋅ VEd = 123.80 kN. The 
design value of the shear resistance is VRd = 66.80 
kN and the most probable shear load at failure 
without any safety factors and with mean values 
of the material strengths is VR,calc = 163.75 kN.

4 EXPERIMENTAL EVALUATION OF THE 
SHEAR BEARING SAFETY

4.1 General information

The loading tests were executed under normal 
traffic on the parking deck, only the area with the 
slabs to be tested was closed for public to ensure 
the safety of the users. Figure 7 shows the testing 
area with the prepared specimens.

Some slabs were taken out ahead of the tests 
to enable an undisturbed access to the specimen. 
These taken out slabs showed the full extent of the 
damage of the support regions caused by moisture 
and chlorides. The support area of the slabs with 
heavy damage broke off  when lifting the slabs and 

remained on the pre-stressed girders (Figure 8). 
The anchorage of the pre-stressing strands was 
totally destroyed (Figure 9).

Three of the taken out hollow core slabs were 
brought to the laboratory of the University of 
Applied Science Neubrandenburg for further tests. 
The results will be reported in a later publication.

4.2 Execution of the loading tests in-situ

The test load was applied at a distance of 2.5⋅h 
from the support [7]. A steel profile girder was 
used to distribute the load over the whole width 
of the slab and a flat rubber layer assured the even 
load transfer from the steel girder into the concrete 
slab.

The load was applied according to the load-
ing regime shown in Figure 10 with six increasing 
load cycles up to the aim test load. After the aim 
test load was reached an additional load cycle on 
service load level was performed before increas-
ing the load slowly but steadily until failure of  the 
slab.

Figure 6. setup of different deformation measurement 
techniques to monitor the shear section during load 
testing.

Figure 7. Testing area and taken out hollow core slabs.

Figure 8. broken-off concrete in the damage support 
area.
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4.3 Results

4.3.1 Shear bearing capacity
The results of the loading tests confirmed the deci-
sion to exchange all slabs with heavy damages. The 
first tested slab (heavy damage) failed before the aim 
test load was fully applied. The second slab with 
heavy damages and all slabs with medium damages 
carried the aim test load successfully and without 
any signs of distress. This proved that the results 
(including the additional partial safety factors) could 
be applied to all other hollow core slabs of the City-
Center. Moreover all slabs (except the first one) failed 
after extensive flexural cracking and an appropriate 
announcement of the ongoing damage process. The 
results of the tests are summarized in table 1.

4.3.2 Announcement of failure
Besides the evaluation of the shear bearing safety 
of the hollow core slabs, a special focus was put on 
the identification of a clear indication of a begin-
ning damage in the shear section and a measure-
able announcement of the beginning shear failure.

In this section the results of the different applied 
measuring techniques are analyzed and evaluated 
in respect to the detection of the beginning shear 
failure. Exemplarily the results for the second slab 
with heavy damages are presented, but the princi-
pal statements are valid for all slabs.

The load was increased stepwise according to 
the loading regime shown in figure 10. At about 
92 kN a bending crack started to develop and dur-
ing the phase of constant load this crack continued 
straight into the compression zone. The photo-
grammetric evaluation shows the chronological 
crack propagation (Figure 11).

The load-deflection-diagram (Figure 12) shows 
a reduction of the bending stiffness at about 
100 kN. At that time the photogrammetric pictures 
already show the extension of the crack clearly, 
even though at that time it doesn’t influence the 
load-deflection-behavior of the slab, because the 
macro crack hasn’t fully developed.

Under increasing load up to the aim test load of 
123.8 kN the slab shows a flexure-dominated bear-
ing behavior with increasing plastic deformations 
(see Figure 12).

At 105 kN beginning non-linear deformations 
can be detected in the measurements of the verti-
cal deformation of the slab thickness. The vertical 
measurement V2 shifts from tension to compres-
sion at 120 kN. This can be explained with a change 
in the inner load transfer and the formation of a 
compression strut in the area of V2 (Figure 13). At 
first the vertical compression increases with further 
loading, but at about 150 kN a second shift can be 
detected and V2 now shows tensile extension and 
therewith a subsequent crack opening.

The change of the inner load transfer was char-
acteristic for all slabs and could also be seen in the 
measured compression strain at the top of the slab. 
At 120 kN all measured strains show a change in 
the progression of the curve—which show that the 
linear elastic beam theory is not valid anymore. 
The measured strains show a drift or plastic delays 
into the direction of tensile strains in the compres-
sion zone (Figure 14).

The photogrammetric evaluation confirms 
the change of the inner load transfer at 120 kN. 

Table 1. Summary of the test results.

No.

Degree 
of 
damage

Cracking 
load 
[kN]

Failure 
load 
[kN]

Failure 
mode

1 heavy 60 75.5 Anchorage
2 heavy 100 162 Shear-Tension
3 medium 100 154 Shear-Tension
4 medium 110 166 Shear-compression
5 medium 90 137 Shear-Tension

Figure 9. loss of bond at the end-anchorage of the pre-
stressing stands.

Figure 10. Principal loading regime.
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Figure 16 shows the crack development at four dif-
ferent load-levels. The allocation of the pictures to 
the loading regime is shown in Figure 15.

In Figure 16 a great increase of tensile strain 
(red triangle = ε1 = 1.003) in the height of the pre-
stressing strand and in the area of the anchorage 
are shown. Because the photogrammetric system 
was only two-dimensional it could not be clari-
fied whether the high measured tensile strains are 
caused by a deformation in the third direction or 
whether they are cause by high tensile strains in 
the strands. At a load of 162 kN a shear crack sud-
denly develops and leads to the failure of the slab.

The Acoustic Emission Analysis shows a good 
correlation with the other measuring results. First 

Figure 12. Load-deflection-diagram.

AE activity could be detected at the moment the 
bending crack begins to develop. This confirms the 
great potential of AE Analysis for the evaluation 
of the bearing behavior of pre-stressed structural 
elements. The allocation of AE signals to the bend-
ing and shear area clearly shows the shift of the 
cracking activity from mid span into the shear sec-
tion. Up to a load of 120 kN the AE activity at the 

Figure 13. Vertical deformation measured through the 
slab.

Figure 15. Concrete strain in the compression zone.

Figure 14. Assignment of the photogrammetric evalua-
tion to the loading regime.

Figure 11.  Photogrammetric evaluation for the time-
steps T1, T2 and T3.
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sensors 2 and 4 (bending section) is greater and at 
higher loads with the shear crack development the 
sensors 1, 3 and 5 near the support show higher 
signals. Figure 18 shows the measured AE signals 
evaluated for the parameter Average Frequency 
compared to applied load.

Clear indication of an irreversible damage 
of the slab are the especially high signals during 
unloading, which can be assigned to friction proc-
esses inside the cracks and bond deformations at 
the supports.

5 CONCLUSIONS

Based on the results of the loading tests to deter-
mine the shear bearing safety, the number of slabs 
that had to be replaced could considerably be 
reduced compared to the results of the theoretical 
calculations. With the help of the loading test most 
of the slabs could be preserved and only the heav-
ily damaged slabs were replaced.

The loading tests proved a sufficient shear bear-
ing safety of the medium damaged slabs. The 

results of the tests on five slabs could be trans-
ferred to the whole population of slabs because 
sufficient margins of safety were considered in the 
calculation of the aim test load.

The experimental investigation showed that the 
use of a combination of different measuring tech-
niques allows an improved evaluation of the actual 
bearing behavior even for brittle failure modes with 
only small structural deformations before failure. 
The applied measuring techniques of AE Analysis, 
photogrammetry, inclination sensors and vertical 
deformation measurements allowed an early detec-
tion of beginning damage processes in the shear 
section of the hollow core slabs. The results are 
also valuable for the development of indicators for 
the secure detection of the ultimate test load.

These indicators have to be verified in further 
experimental investigations and will be developed 
to criteria which allow a secure definition of a 
beginning shear damage during load testing.

Figure 16. Photogrammetric evaluation for T4-T7. Figure 17. Development of the AE parameter Average 
Frequency during the load test, sensors 1,3,5 in the shear 
section, sensors 2 and 4 in the flexure section of the slab.
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ABSTRACT: This work investigates the applicability of Ag/AgCl ion-selective electrodes for the non-
destructive measurement of chloride concentrations in concrete.

Sensitivity to potential interfering ions and stability of the Ag/AgCl membrane in neutral and alkaline 
solutions are presented. The results indicate negligible interference by fluoride, sulfate, and hydroxide, 
but considerable interference by bromide and sulfide. In completely chloride-free alkaline solutions, the 
ion-selective electrodes are not stable over time, but they become again functional as soon as chlorides 
arrive at the sensor.

It is concluded that the studied ion-selective electrodes are applicable for monitoring the free chloride 
concentration in the pore solution of concrete structures exposed to chloride-bearing environments. The 
applicability in concrete containing blast furnace slag or other sulfide sources is however questioned.

This paper investigates the stability of the Ag/
AgCl ISE at high pH values and the interference 
arising from the presence of bromide, sulfate, 
sulfide, fluoride, and hydroxide. The use of the Ag/
AgCl ISE in concrete is discussed.

2 THEORETICAL BACKGROUND

2.1 The silver/silver chloride ion-selective electrode

The Ag/AgCl ISE used in this work consists of 
silver covered by a layer of silver chloride. The 
Ag/AgCl ISE used belongs to the category of 
ion selective electrodes with solid ion exchangers 
(Koryta, 1972).

The potential E of  the Ag/AgCl ISE is given 
by the Nernst law as a function of the chloride 
ion activity in solution (Angst et al., 2009). How-
ever, the Ag/AgCl ISE responds to the primary 
ion (chloride ion) with a Nernstian behavior only 
above a minimum concentration of it (i.e. detec-
tion limit) (Koryta and Stulik, 1983, Morf et al., 
1974). Furthermore, the ISE is also sensitive to 
other species that can form precipitates of lower 
solubility with the constituent ionic specie (Koryta 
and Stulik, 1983, Atkins et al., 2001). This interfer-
ence is traditionally considered with the selectivity 
coefficients, Kpot

Cl-,Y (with Y standing for the inter-
fering specie) included in the Nikolsky-Eisenman 
equation (Koryta and Stulik, 1983, Janata, 1989):
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1 INTRODUCTION

In non-carbonated concrete with low or no presence 
of chlorides, the steel reinforcement is passive due 
to the alkaline environment provided by the hydra-
tion of cement.  The passive layer protects the steel 
from corrosion. However, this passive layer can be 
destroyed when a certain concentration of chlo-
rides reaches the reinforcement (chloride-induced 
corrosion). Chloride-induced corrosion is the prin-
cipal cause of premature failure in reinforced con-
crete structures worldwide (Elsener et al., 2004).

Common methods for determining chloride con-
tent in concrete are based on destructive sampling 
and do thus not allow continuous information at 
identical locations over time (Elsener et al., 2003, 
Atkins et al., 1996); therefore, a non-destructive 
technique that permits continuous measurement 
of the chloride content is of high interest. For 
this purpose, the use of Ag/AgCl ion-selective 
electrodes (ISEs) is a promising solution. The Ag/
AgCl exhibit a Nernstian electrochemical potential 
as a function of the chloride ion activity in solu-
tion (Koryta, 1972, Janata, 1989, Bard et al., 2002); 
thus, for concrete, the Ag/AgCl ISE allows measur-
ing the free chloride content in the pore solution. 
However,  ISEs are also sensitive to other species 
that can form compounds normally of lower sol-
ubility with the constituent ion (Ag+ for the Ag/
AgCl ISE).

The sensitivity in environments containing inter-
fering species and the stability at high pH of Ag/
AgCl ISEs are thus two crucial factors regarding 
the applicability of the Ag/AgCl ISEs in concrete.
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where R is the gas constant, T the absolute tem-
perature, F the Faraday constant, aCl- the activity 
of the chloride ion, E0

Ag/AgCl the standard poten-
tial of the silver/silver chloride electrode (Haynes, 
2013–2014), aY is the activity of the interfering 
ionic specie and zY its charge.

2.2 Influencing parameters

The potential E of  the Ag/AgCl ISE depends on 
the chloride activity, the temperature and the sen-
sitivity to other species.

• Chloride activity
In concentrated solutions, ions deviate from ide-
ality as a consequence of the high ionic strength. 
This phenomenon is taken into account by the use 
of the ionic activity ax, which is related to the con-
centration cx of a specie X by the activity coeffi-
cient γx (Haynes, 2013–2014):

a c
cX X

X

0
⋅X= γ

 (2)

where c0 is the standard state composition (gener-
ally chosen as 1 mol ⋅ L−1 (Haynes, 2013–2014)).

• Interfering species
Many silver salts have very low solubilities (Hay-
nes, 2013–2014); therefore, in their presence, the 
ISE is likely to be affected. The AgCl membrane 
responds mainly to Cl−, Br−, I−, OH−, and S2− 
(Angst et al., 2009, Janata, 1989, Atkins et al., 
2001, Klasens and Goossen, 1977). According to 
equation (1), the potential of the ISE will exhibit a 
Nernstian behavior when the following relation is 
satisfied (Angst et al., 2009):

a K a
Cl Cl
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−

∑
1

 (3)

• Temperature
The effect of temperature has in detail been 
addressed in other studies and data is available to 
make corrections in this regard (Angst et al., 2009, 
Shreir, 1994).

3 EXPERIMENTAL

3.1 Electrodes, instruments and materials

3.1.1 Silver/silver chloride ion-selective electrode
The used Ag/AgCl ISE is an industrial ISE con-
sisting of a silver wire coated with silver chloride 
deposited by anodizing. The tip of the ISE was 
additionally dipped in a melt of AgCl in order 
to achieve a more stable membrane (Angst et al., 
2009, Elsener et al., 2003).

3.1.2 Potentiometric measurements
The potential of the ISEs was measured versus the 
silver/silver chloride/saturated potassium chloride 
(Ag/AgCl/sat. KCl) reference electrode (+0.197 V 
versus SHE).

The measurements were performed with a 
PGSTAT 30 Autolab potentiostat/galvanostat 
(Metrohm Autolab, Utrecht, the Netherlands) with 
high input impedance (> 100 GΩ) connected to a 
Windows PC for data acquisition. The program for 
data acquisition was Autolab Nova v.1.10. All the 
experiments were carried out at room temperature 
(20–21 °C).

3.2 Methods

3.2.1 Calibration in solution
The Ag/AgCl ISEs were calibrated in neutral and 
alkaline solutions that contained known concen-
trations of sodium chloride ranging from 0.002 to 
4 mol ⋅ L−1.

It should be noted that when the reference elec-
trode is immersed in the measured solution, a liq-
uid junction potential Ejunction (Bard et al., 2002) 
establishes at its interface and adds arithmetically 
to the measured potential. In this work, liquid 
junction potentials Ejunction were calculated accord-
ing to the Henderson equation (Bard et al., 2002) 
to correct the measured potential Emeasured.. For this 
calculation, it is considered that the KCl concen-
tration is 4.16 mol ⋅ L−1 when saturated in water at 
room temperature (Haynes, 2013–2014). The used 
solutions and the liquid junction potentials calcu-
lated are presented in Table 1.

The chloride activity was calculated according to 
equation (2). Mean activity coefficients (γNaCl±) for 
sodium chloride in neutral solution were obtained 

Table 1. Calibration solutions and corresponding liquid 
junction potentials for the Ag/AgCl/sat. KCl.

NaCl
concentration

NaOH
concentration

Ejunction
at 20°C

(mol ⋅ L−1) (mol ⋅ L−1) (mV)
0.002 − −3.7
0.010 − −2.9
0.100 0.010 −1.2
0.100 0.100 0.7
0.100 1.000 8.4
0.500 − 0.1
0.500 0.010 0.3
0.500 0.100 1.5
0.500 1.000 8.4
1.000 − 1.2
1.500 − 1.9
4.000 − 4.2
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from the data provided by Haynes et al. (Haynes, 
2013–2014). The activity coefficients of the chlo-
ride ion (γCl-) in the solutions containing sodium 
hydroxide were interpolated from the data given 
by Hidalgo et al. (Vera et al., 2000). In this case, 
the effect of the accompanying ions was neglected 
and activity coefficients were calculated consider-
ing the total hydroxide concentration. The data are 
provided in table 2.

The calibration curves were obtained by linear 
regression analysis:

E E E m a bjunctionE−E ⋅mmeasuredEE
Cl-

log
 (4)

For the case of pH neutral solutions, it was 
assumed that γNaCl± ≈ γCl- (Angst et al., 2009).

3.2.2 Sensitivity to interfering species
The effect of the possible interfering species was 
investigated for the case of hydroxide, bromide, 
sulfate, fluoride and sulfide. These were considered 
the main species that could cause interference to 
the Ag/AgCl ISEs response in concrete pore solu-
tion and seawater exposure (Elsener et al., 2003, 
Atkins et al., 2001, Chen, 2006, Švegl et al., 2006).

The Ag/AgCl ISEs were first immersed in NaCl 
solutions. The concentration of the interfering specie 
was increased stepwise when the potential became 
stable over time (few minutes—for the addition of 

hydroxide, sulfate, and fluoride—or few days—for 
the addition of bromide, and sulfide). For the study 
of the fluoride, sulfate and bromide interference, the 
experiments were started in 0.01 mol ⋅ L−1 NaCl solu-
tions, and the concentration of interfering specie was 
increased up to 0.04 mol ⋅ L−1 The addition of bromide 
caused the Ag/AgCl ISE potential to significantly 
decrease, and the experiments were repeated with the 
sensors immersed in 0.1 mol ⋅ L−1 NaCl solution.

The silver sulfide has an especially low solubility 
(Haynes, 2013–2014). It was thus expected that the 
Ag/AgCl ISE potential would be affected in presence 
of already little sulfide with respect to chloride, and 
the experiments were done with the sensors immersed 
in 0.1 mol ⋅ L−1 and 1 mol ⋅ L−1 NaCl solutions.

The use of Ag/AgCl ISE in concrete seems to be 
a promising solution to monitor chloride changes 
and some studies have already been done (Angst 
et al., 2009, Elsener et al., 2003, Atkins et al., 
1996). For this reason, the hydroxide inference was 
treated separately and in more detail. The experi-
ments were always started with 0.1 mol ⋅ L−1 NaOH 
solutions to simulate the alkalinity of the concrete 
pore solution. It has been reported that light may 
have an effect on the kinetics reactions of hydrox-
ide (Crowell et al., 2004). The experiments were 
thus carried out avoiding exposure to daylight to 
simulate the concrete pore solution.

The ISEs were immersed in the solutions con-
taining increasing amounts of the possible interfer-
ing species for a total of two months. The solutions 
used and the concentration ranges of interfering 
specie are given in Table 3.

The measured potential, Emeasured, was corrected 
according to equation (4) with regard to the liquid 
junction potential, Ejunction.

Table 2. Mean activity coefficients γNaCl± and activity 
coefficients of the chloride ion γCl- used in this work. 
Values of pH other than 7 were obtained by addition of 
sodium hydroxide. The values of γNaCl± are taken or inter-
polated from (Haynes, 2013–2014). The values of γCl- are 
interpolated from (Vera et al., 2000).

Value NaCl
concentration

pH

(mol ⋅ L−1)
γNaCl± 0.952 0.002 7
γNaCl± 0.903 0.01 7
γNaCl± 0.770 0.1 7
γNaCl± 0.681 0.5 7
γNaCl± 0657 1 7
γNaCl± 0.663 1.5 7
γNaCl± 0.668 2 7
γNaCl± 0.815 4 7
γNaCl± 0.874 5 7
γCl- 0.740 0.1 ≈12
γCl- 0.727 0.1 ≈13
γCl- 0.603 0.1 ≈14
γCl- 0.642 0.5 ≈12
γCl- 0.637 0.5 ≈13
γCl- 0.585 0.5 ≈14

Table 3. Solutions used for the study of the sensitivity 
to interfering species of the Ag/AgCl ISE.

NaCl
concentration

Concentration
range of

Interfering
specie(mol ⋅ L−1)

interfering
specie (mol ⋅ L−1)

0.05 0.1–1.7 OH−

0.1 0.1–1.6 OH−

0.2 0.1–1.5 OH−

0.3 0.1–1.6 OH−

0.5 0.1–1.6 OH−

0.01 0–0.4 Br−

0.1 0–0.3 Br−

0.01 0–0.04 F−

0.01 0–0.04 SO4
2−

0.1 0–0.01 S2−

1 0–0.008 S2−
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Once the experiments were finished, the Ag/
AgCl ISEs that were immersed in the solutions 
containing bromide, fluoride, sulfate, and sulfide 
were returned to the original NaCl solutions, i.e. 
without the interfering specie present. The poten-
tial was measured again after one month of immer-
sion in the interfering ion-free solution.

3.2.3 Long-term stability at high pH
The stability of the Ag/AgCl ISEs at high pH in 
the absence of chloride was investigated over a 
period of 60 days. Erlenmeyer flasks were filled 
to the very top with NaOH solutions and closed 
with a rubber plug through which the ISEs were 
inserted via drilled holes. The flasks were addition-
ally sealed with silicon grease to avoid evaporation 
and/or carbonation of the solution.

After 60 days of immersion, 0.1 mol ⋅ L−1 NaCl 
was added to the chloride-free alkaline solutions. 
The solutions used for the long-term stability 
experiments are given in table 4.

The measured potential, Emeasured, was corrected 
according to equation (4) with regard to the liquid 
junction potential, Ejunction.

4 RESULTS AND DISCUSSION

4.1 Calibration in solution

The calibration curve according to equation (4) is 
shown in figure 1.

The Ag/AgCl ISEs exhibited a Nernstian behav-
ior with slope of –57 mV (figure 1), in good agree-
ment with the values reported in previous works 
(Elsener et al., 2003, Angst et al., 2009). The ISE 
exhibits a Nernstian behavior in the interference-
free solutions for the whole range of chloride con-
centrations tested; it can be then concluded that 
the detection limit of the chloride ion in aqueous 
neutral solution is lower than 0.002 mol ⋅ L−1, in 
agreement with the results reported by Angst et al 
(Angst et al., 2009). Furthermore, the standard 
deviation of the ten individual potential readings 
is always below 2 mV.

4.2 Applicability of Ag/AgCl ISEs in concrete

Figure 2 shows the potential E of  the Ag/AgCl 
ISEs immersed in alkaline solutions containing 
sodium chloride as a function of the logarithm of 
the hydroxide concentration.

From figure 2, it can be seen that the poten-
tial E of  the Ag/AgCl ISEs is overall plateau for 
the whole range of concentrations tested. The 
range (difference between the largest and smallest 
observed potentials) is 10 mV and it is found for 
the ISEs immersed in the solution containing 0.05 
mol ⋅ L−1 NaCl.

When it comes to chloride-induced corrosion, 
a concentration ratio chloride to hydroxide cCl-/
cOH- = 0.6 is sometimes considered as threshold 
value for corrosion initiation (Hausmann, 1967). 

Table 4. Solutions used for the study of the long-term 
stability at high pH of the Ag/AgCl ISE.

NaCl initial
concentration
(mol ⋅ L−1)

NaOH
concentration
(mol ⋅ L−1)

NaCl addition
after 60 days
(mol ⋅ L−1)

0 0.01 (pH ≈ 12) 0.1mol ⋅ L−1

0 0.1 (pH ≈ 13) 0.1mol ⋅ L−1

0 1 (pH ≈ 14) 0.1mol ⋅ L−1

0.1 0.01 (pH ≈ 14) –

Figure 1. Calibration curve of the Ag/AgCl ISE in 
neutral and alkaline solutions. The mean values were 
obtained form ten individual readings. The standard 
deviation is always less than 2 mV, thus, smaller than the 
symbols. The parameters of the linear regression analy-
sis are also given with the theoretical values (considering 
constant room temperature of 20°C (Angst et al., 2009, 
Shreir, 1994)).

Figure 2. Ag/AgCl ISE mean potential values (from five 
individual readings) as a function of the logarithm of the 
NaOH concentration. The error bars indicate the stand-
ard deviation (≤5 mV) from the individual readings.
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As it is apparent from figure 2, no interference 
is expected even for clearly lower ratios  cCl-/cOH. 
Thus, the Ag/AgCl will permit to detect chloride 
concentrations much below levels considered criti-
cal for corrosion initiation even at high pH.

Nonetheless, the instability of the Ag/AgCl ISE 
at high pH with no or low amount of chlorides has 
also been questioned (Elsener et al., 2003, Angst 
et al., 2009, Švegl et al., 2006). Figure 3 shows the 
potential E of  as a function of time, before and 
after addition of chloride (at t = 60 days) for the 
chloride-free solutions.

In absence of chloride, the potential of the Ag/
AgCl ISEs shows high scatter between the indi-
vidual sensors (figure 3). For the Ag/AgCl ISEs 
immersed in chloride-free alkaline solutions (fig-
ure 3), the measured potential values were com-
prised between 140 mV and 120 mV vs. Ag/AgClsat 
after 60 days of immersion.

In alkaline environments in absence or low con-
tent of chlorides, the AgCl precipitate undergoes 
the following reaction (Biedermann and Sillén, 
1960):

AgCl(s) + OH− � ½ Ag2O(s) + ½ H2 O + Cl− (5)

The potential shift observed to more negative 
values is probably due to the continuous formation 
of Ag2O; potentials of ∼144 mV vs. Ag/AgClsat at 
room temperature and pH ≈ 14 are reported in the 
literature if  the ISE membrane is considered to be 
completely covered with Ag2O (Angst et al., 2009, 
Pargar et al., 2014, Biedermann and Sillén, 1960).

It is also worth mentioning that the color of 
the solutions turned brown-black with time, being 
more pronounced for the solutions that contained 
higher NaOH concentrations. This color change 

may also be related to the transformation of AgCl 
into Ag2O. This was already observed by Angst 
et al. (Angst et al., 2009).

The possible formation of Ag2O (equation (5)) 
could also explain the oscillations in the Ag/AgCl 
ISE potential shown in figure 2, especially at the 
lowest chloride concentrations.

It was finally observed that the ISEs recover fast 
as soon as they come into contact with chloride 
(right part in Figure 3). The temporal scatter and 
instability are also considerably reduced. Thus, the 
possible formation of silver oxide is reversible, as 
already reported by other authors (Angst et al., 
2009, Pargar et al., 2014). The adherence of the 
Ag2O to the ISE surface (questioned by Angst et al. 
(Angst et al., 2009)) could however be an issue for 
the long-term stability because of the reversibility 
of the AgCl formation. This aspect should deserve 
further attention.

4.2.1 Exposure in environments containing 
interfering species

Figure 4 shows the potential E of  the Ag/AgCl ISEs 
immersed in 0.01 mol ⋅ L−1 NaCl (bromide, fluoride 
and sulfate) and in 0.1 mol ⋅ L−1 NaCl (bromide) as 
a function of the logarithm of the concentration 
of the possible interfering specie (bromide, fluo-
ride, and sulfate).

Regarding the bromide interference, it can be 
seen that for very small bromide concentrations, 
the Ag/AgCl ISEs exhibit an overall stable poten-
tial independent on the bromide content (figure 4). 

Figure 3. Ag/AgCl ISE mean potential values (from 
ten individual readings) as a function of time. The dot 
dash thick line represents the potential for a solution 
0.1 mol ⋅ L−1 NaCl obtained from the calibration curve 
(section 4.1). The error bars indicate the standard devia-
tion from the individual readings.

Figure 4. Ag/AgCl ISE mean potential values (from 
ten individual readings) as a function of the logarithm 
of the interfering specie in 0.01 mol ⋅ L−1 NaCl solution 
(for bromide, fluoride and sulfate) and 0.1 mol ⋅ L−1 NaCl 
solution (bromide). The error bars indicate the standard 
deviation from the individual readings. The zones defined 
in the graph (zone A, zone B, zone C) schematically rep-
resent the effect of the different interfering species on the 
Ag/AgCl ISE response (compare text).
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However, small amounts of bromide exert a large 
effect on the response of the Ag/AgCl ISE; the 
potential shifts to more negative values and the 
standard deviation increases, reaching values up 
to 25 mV. For bromide concentrations higher than 
0.05 mol ⋅ L−1, the potential E linearly depends on 
the bromide concentration for both chloride con-
centrations tested.

When returned back to the original NaCl solu-
tions, the ISEs did not regain the initial potential 
values. It has also to be noted that the immersed 
tip of the ISEs turned green after the bromide 
addition.

Concerning the fluoride and sulfate interference, 
up to a fluoride concentration of 0.02 mol ⋅ L−1, the 
ISE potential can be considered to be unaffected. 
At fluoride concentrations higher than 0.025 
mol ⋅ L−1, however, a small decrease in the poten-
tial is observed. For sulfate, the potential remains 
almost unaffected to—at least—a concentration of 
0.04 mol ⋅ L−1. Moreover, when returned back to 
the original NaCl solution (fluoride—and sulfate-
free), the ISEs exhibited potentials equal to those 
initially registered in the absence of the interfering 
specie within a few minutes.

To illustrate the effect of the interfering spe-
cies on the ISE response, figure 4 is schematically 
divided in three different zones (zone A, zone B, 
and zone C).

In zone A (figure 4), the Ag/AgCl ISE behaves as 
an ideal chloride sensor; it exhibits a stable poten-
tial independent of the interfering specie (Angst 
et al., 2009, Koryta, 1972, Rhodes and Buck, 
1980). This is the case for fluoride and sulfate (for 
the whole range of concentrations tested) and for 
very low concentrations of bromide (plateau part). 
It is in this range where the Ag/AgCl ISE is suitable 
for field measurements without interference. The 
effect of the ions in solution on the chloride activ-
ity should however be taken into account (compare 
Figure 1).

When the concentration of the interfering specie 
increases (zone B in figure 4), the response of the 
ISE is altered and it shows a potential determined 
by the simultaneous action of the primary (chlo-
ride) and interfering ion. The interference is due 
to the replacement of the chloride by the interfer-
ing specie on the surface of the ISE (Rhodes and 
Buck, 1980, Koryta, 1972). This phenomenon can 
be clearly seen for the case of bromide: the signifi-
cant potential decrease and the high standard devi-
ation are an indication of the above-mentioned 
surface coverage process. The color change of the 
tip of the ISEs also evidences the surface coverage 
with silver bromide (green).

At sufficiently high concentrations of interfer-
ing specie, the ISE surface becomes totally cov-
ered by the salt formed between the silver and the 

interfering specie and acts as an ISE sensitive to 
this specie (Rhodes and Buck, 1980, Hulanicki and 
Lewenstam, 1977) (zone C in figure 4). This can be 
observed for the case of bromide. The ISEs virtu-
ally exhibit Nernstian slope after a certain thresh-
old of concentration.

In addition, once the interfering specie is 
removed from the solution, the Ag/AgCl ISE 
should ideally behave again as a pure chloride sen-
sor (zone A in figure 10). For the bromide interfer-
ence, this was reported by Atkins et al. (Atkins et 
al., 2001). However, the ISEs tested in this work did 
not completely recover. In this study, the ISEs were 
immersed in the solutions containing bromide for 
about 2 months, whereas Atkins et al. immersed 
them for only 15 minutes (Atkins et al., 2001). It 
is believed that the disagreement with respect to 
the results reported by Atkins et al. (Atkins et al., 
2001) is due to the kinetics of the transformation 
of AgBr back into AgCl. In fact, Rhodes et al. 
(Rhodes and Buck, 1980) reported that the kinet-
ics of the transformation of the AgBr back into 
AgCl is at least 200 times slower than the conver-
sion of AgCl into AgBr. Thus, prolonged exposure 
to the interfering specie may significantly impair 
the functionality of Ag/AgCl ISEs.

The response of the Ag/AgCl ISE will be on 
one of the three zones of figure 4 depending on 
how severe is the interference and the experimental 
conditions (Koryta, 1972, Lindner and Umezawa, 
2008, Hulanicki and Lewenstam, 1977, Rhodes 
and Buck, 1980). The severity of the interference 
is commonly taken into account with the selec-
tivity coefficients (see equation (1)) (Lindner and 
Umezawa, 2008, Janata, 1989, Koryta and Stulik, 
1983, Morf et al., 1974, Morf, 1981). The theo-
retical models for estimating selectivity coefficients 
are traditionally based on the assumption that 
thermodynamic equilibrium is established and the 
kinetics of the reactions are neglected. However, it 
is believed that both thermodynamics and kinetics 
contribute to the selectivity of ion-selective elec-
trodes. This has already been suggested by other 
authors (Hulanicki and Lewenstam, 1982, Reins-
felder and Schultz, 1973).

Therefore, it appears that the theoretical models 
for predicting the Ag/AgCl ISE response in pres-
ence of interfering ions are not suitable for mid 
to long-term exposure. In this work, the exposure 
time of the ISE to the possible interfering species 
was two months. Although this is clearly longer 
than in other laboratory studies, field exposure 
times will be even far longer. Currently, we do not 
have any data indicating whether exposure times 
on the order of a few months (this work) are suf-
ficiently long to represent field exposure times (in 
order of years or decades). Nevertheless, given the 
actual results, the following can be concluded.
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If concrete structures are exposed to seawater, 
bromide, sulfate, and fluoride interference could be 
a potential error source. The bromide, sulfate and 
fluoride concentrations in seawater are approxi-
mately 8.7 ⋅ 10−4, 2.9 ⋅ 10−2 and 7 ⋅ 10−5 mol ⋅ L−1 
respectively (Dickson and Goyet, 1994). At those 
concentrations (shown with arrows in figure 4), no 
interference was found for the ISEs immersed in 
0.1 mol ⋅ L−1 NaCl (bromide) and in 0.01 mol ⋅ L−1 
NaCl (fluoride, sulfate). Furthermore, from fig-
ure 4, it becomes apparent (for the bromide inter-
ference) that the ISEs can tolerate slightly higher 
concentrations of interfering specie when the chlo-
ride content is also higher. The chloride concen-
tration in seawater is around 0.5 mol ⋅ L−1 NaCl. 
Thus, no significant interference from bromide is 
expected for seawater exposure.

4.2.2 Blast furnace slag
The ions present in pore solution of hydrating slag 
cement are principally the same as those in Port-
land cement, with a remarkable amount of sulfide 
ion in the pore solution (Chen, 2006, Gruskovnjak 
et al., 2008, Lothenbach et al., 2012). The sulfide 
interference is thus discussed in this section.

Figure 5 shows the potential E of the Ag/AgCl 
ISEs immersed in 0.1 mol ⋅ L−1 and in 1 mol ⋅ L−1 
NaCl as a function of the logarithm of the sulfide 
concentration.

Sulfide interference is particularly severe. Rela-
tively small amounts of sulfide cause high potential 
shifts (figure 5). For sulfide concentrations above 
0.006 mol ⋅ L−1, the potential of the ISEs signifi-
cantly decreased for both tested chloride concen-
trations (ΔE > 20 mV for 0.1 mol ⋅ L−1 NaCl and 
ΔE > 50 mV for 1 mol ⋅ L−1 NaCl). The standard 
deviation also increased significantly at this sulfide 
concentration.

When returned back to the original NaCl solu-
tions, the ISEs did not regain the initial potential 

values. It has also to be noted that the immersed 
tip of  the ISEs turned black and decreased its 
thickness after the addition of  sulfide for both 
tested chloride concentrations. The significant 
potential decrease, the high standard, and the 
color change of  the tip of  the ISEs evidences the 
progressive surface coverage with silver sulfide 
(black), as it was similarly observed for the bro-
mide interference.

Lothenbach et al. (Lothenbach et al., 2012) 
observed that the sulfide concentration in CEM 
III/B 42.5 L containing 59% of slag increases 
during the first month of reaction and remains 
rather constant thereafter; concentration of about 
0.008 mol ⋅ L−1 of sulfide were found after one 
month of reaction. From figure 5, it can be seen 
that the ISE potential is strongly affected at those 
concentrations.

In super sulfated cements (SSC) (Lothenbach 
et al., 2012, Gruskovnjak et al., 2008), even higher 
sulfide concentrations are found. Gruskovnjak 
et al. (Gruskovnjak et al., 2008) reported con-
centrations of about 0.1 mol ⋅ L−1 of sulfide after 
approximately one month of reaction.

Therefore, it seems that the applicability of the 
Ag/AgCl ISE in concretes with mid-high amounts 
of slag will be impaired by the presence of sulfide. 
For the concretes containing mid-low amounts of 
blast furnace slag (CEM III/A ), it could be possi-
ble that the amount of sulfide in solution remained 
low enough. However, the hydration of cement 
containing slag is not well understood (Gollop and 
Taylor, 1996, Taylor, 1997).

It is also important to notice that the ISEs prob-
ably tolerate higher concentrations of interfering 
specie when the chloride content is also higher 
(figure 4); thus, in absence of chloride, the ISEs 
potential shown in figure 5 is probably shifted to 
more negative values at lower sulfide concentra-
tions. Moreover, it should be noted that part of the 
chlorides will be bound by some of the hydrated 
cement phases (Luping and Nilsson, 1993) and the 
ratio chloride/sulfide can be reduced as the amount 
of Portland cement is increased.

In addition, the decrease in the thickness of the 
Ag/AgCl ISEs after the sulfide addition questions 
the adherence of the potential formation silver 
sulfide on the ISE membrane and the later reac-
tion back into AgCl. Thus, the sensors could be 
damaged before chloride arrival.

5 CONCLUSIONS

The Ag/AgCl ISEs measure the free chloride con-
tent in the concrete pore solution by exhibiting a 
Nernstian electrochemical potential as a function 
of the chloride ion activity.

Figure 5. Ag/AgCl ISE mean potential values (from ten 
individual readings) as a function of the logarithm of the 
Na2S concentration. The error bars indicate the standard 
deviation from the individual readings.
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The sensitivity of  the Ag/AgCl ISE to interfer-
ing species has been carefully studied: while neg-
ligible interference was found for fluoride, sulfate, 
and hydroxide, the interference is relatively severe 
for bromide and sulfide. Nevertheless, due the 
high chloride/bromide concentration ratio in sea-
water, the interference of  bromide is considered 
negligible for applications related to seawater 
exposure.

In chloride-free alkaline solutions, the ISEs were 
unstable over time—probably due to transforma-
tion reactions with the environment. Upon addi-
tion of chloride, however, the sensors responded 
again according the Nernst’s law.

Based on the current experimental observations, 
it was concluded that the studied Ag/AgCl ISEs 
are feasible for practical monitoring of the chlo-
ride concentration in concrete exposed to chloride-
containing environments. An exception is concrete 
with high contents of blast furnace slag, where 
the presence of sulfide could strongly disturb the 
measurements. For the case of low to mid content 
of blast furnace slag, further research regarding 
the kinetics and the hydration is needed to evalu-
ate the severity of the sulfide interference. Another 
open question is the long-term time evolution. If  
the sulfide concentration decreases with time and 
embedded ISEs are able to recover, they may after 
years/decades be functional again when chlorides 
start arriving at depths corresponding to common 
reinforcement steel cover depths.
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Structural health monitoring of the Scherkondetalbrücke: A semi 
integral concrete railway bridge
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ABSTRACT: Semi integral bridges are characterized by the monolithic connection between the superstruc-
ture and the piers. Thereby every element of the structure participates to the transfer of forces due to traf-
fic loads. Simultaneously, high constraining forces due to thermal variation, creep, shrinkage or settlements 
appears. These forces have to be accurately taken into account when designing the bridge and should be 
reduced through an advantageous distribution of the stiffness, especially in the substructure. The construc-
tion of semi integral bridges in the case of long viaducts is an innovation, also on international scale. In order 
to limit the risks associated with this non-definitively regulated type of structure and in order to collect expe-
rience about the calculation assumptions, the authorities required an extensive monitoring of the bridges. In 
this paper, a few results of the long-term measurements on the Scherkondetalbrücke will be presented.

parameters as the soil stiffness or material characteris-
tics. In order to provide security for the taken assump-
tions in the calculation and to collect experience with 
the comportment of semi integral bridges, the super-
vising authority required the monitoring of several 
bridges on the High-Speed Railway Line Erfurt—
Leipzig. The monitoring includes the measurement 
of the long-term behavior as well as the comportment 
under High-Speed traffic. In this paper, results of the 
long-term monitoring of the Scherkondetalbrücke 
over a period of 5 years will be presented.

2 THE SCHERKONDETALBRÜCKE

2.1 The structure

The High-Speed Railway Line Erfurt—Leipzig 
crosses the valley of the Scherkonde close to Krau-
theim, about 15 km in the north of Weimar.

1 INTRODUCTION

On the High-Speed Railway Line between Erfurt 
and Leipzig (Germany), long railway viaducts 
have been designed and executed as semi integral 
structures for the first time in Germany. This type 
of bridges is very stable by dynamical excitation 
and is very robust against overcharge due to the 
redundancy of the structure. Compared to con-
ventional railway bridges, semi integral bridges can 
be executed much slender and allow a considerable 
liberty in the esthetical design process.

Due to the disappearing of bearing devices and 
joints, semi integral bridges necessitate low main-
tenance and provide a longer lifetime expectation. 
The reliability of such bridges and their lifetime 
can be observed for example by the Gmünderto-
belbrücke (see Figure 1) and on several other real-
ized bridges in the beginning time of reinforced 
and prestressed concrete.

However, the absence of adjustment possibili-
ties in the case of settlements and the high con-
straint forces due to temperature variation, creep 
and shrinkage are a handicap of semi integral 
bridges. These particularities have to be taken into 
account in a very early phase of the design process 
and need to be considered very accurately in order 
to achieve a robust and durable construction.

Experiences with long semi integral bridges 
are missing and guidelines are just being drafted. 
Furthermore, the actual calculation model for semi 
integral bridges is very complex due the variation of 

Figure 1. Gmündertobelbrücke, build 1908. (Marx & 
Wenner 2015).
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To bridge the 35 m deep valley, a 576.5 m long 
viaduct had to be build.

In the last decades, the most High-Speed railway 
bridges in Germany has been build according an 
overall planning, as simple supported box girder 
with spans of 44 m. In the case of the Scherkonde-
talbrücke, an alternative tender has been assigned 
and the semi integral bridge represented in Fig. 2 
has been realized. The chosen structure allows 
a much better integration of the viaduct in the 
landscape through very slender columns and the 
haunched superstructure (see Fig. 3). Further-
more, the maintenance costs could be lowered by 
minimizing the number of bearings. The abut-
ment in the axis 0 and the piers in axis 1a to 10 are 
monolithically fixed with the superstructure. In the 
axis 11, 12 and 13, bearings have become necessary 
because of the increasing constraining forces due 
to the distance to the fixed point.

2.2 The construction method

By connecting the piers and the girder to an inte-
gral system between the axis 0 and 10, huge lon-
gitudinal displacements combined with constraint 
forces are introduced at the top of  the piers. These 
displacements are generated half  by strains due 
to prestressing, creep and shrinkage and half  by 
strains due to temperature variation. Prestressing, 
creep and shrinkage exclusively cause a shorten-
ing of  the girder, which develops for the most part 
in the first months after concreting. In the case 
of  the Scherkondetalbrücke, the application of  a 
smart construction sequence permitted to reduce 
the effects of  these unidirectional displacements 
and allowed to optimize the dimension of  the 
piers.

By placing the fixed point of  the structure dur-
ing the construction in the axis 13 and by realizing 
the girder span by span from east to west (see 
Figure 2), the construction sequence transformed 
the shortening of the girder in a negative deflec-
tion of the piers. By transferring the fixed point 
in axis 0 after the concreting of the last span, 
the direction of the deflection has been inversed 

and permitted to eliminate the constraint forces 
almost completely due to prestressing, creep and 
shrinkage.

3 MONITORING CONCEPT

3.1 Reasons and background of the measurement

With the realization of several semi integral bridges 
between Erfurt and Leipzig, a very new conceptual 
design for railway bridges has been realized in the 
net of the DB AG. In the phase of the execution 
design, many investigations, considering the vari-
ation of multiple parameters and their effects on 
the forces in the structure have been performed. 
Additionally, a monitoring is required, principally 
to determine the real behavior of the structure 
and to compare the results with the previsions. By 
developing the monitoring concept, two main aims 
have been followed:

1. Measurement of the longitudinal deformations 
of the superstructure

2. Measurement of the section curvature on the 
pier head

3.2 Conception and realization of the long-term 
measurements

The long-term behavior of both superstructure and 
piers is mostly dependent on the temperature vari-

Figure 2. General view of the Scherkondetalbrücke and static system.

Figure 3. Photograph of the Scherkondetalbrücke 
(Photo: Ludolf Krontal).
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ations and the time-delayed concrete strains of the 
girder. To be able to differentiate the part of each 
factor in the measured effects, the temperature 
is measured in five sections along the girder (see 
Figure 4). The temperature sensors PT100 have 
been installed in the formwork before concreting, 
so that the temperature development in the early 
age of the concrete could be recorded. The sensors 
are distributed over the section height and width 
(see Figure 4) so that the temperature profile in the 
massive section can be approximated and the aver-
age temperature can be calculated.

In axis 13, the displacement of the joint between 
the girder and the abutment is measured with a 
draw string potentiometer (see Figure 4). Accord-
ing to geodesic measurements, the displacements 
of the fixed point axis 0 are negligible, so that the 
measured joint displacements correspond exactly 
with the length variation of the superstructure.

To determine the solicitation in the pier head, 
sensors on both western and eastern sides of the 
piers have been installed. The measurements are 
performed in the axis 2, 5 and 9 in order to col-
lect information for different pier lengths, thick-
nesses and distances to the fixed point. The strains 
are measured on the surface of the pier, about 2 
m under the bottom of the girder with a way sen-
sor recording the relative displacement between 
two corners, spaced by 20 cm. (see Figure 4 and 
5). In order to compensate undesired temperature 
effects, the gap between the corners is bridged by 
an invar rod.

The installation of the sensors have been per-
formed parallel with the construction of the bridge. 
The first measurements could be started before the 
piers and the girder have been connected to an 
integral system.

All measures are performed once an hour. In 
order to guarantee a reliable monitoring of the 
structure behavior, high requirements to the long 
term stability and to the compensation of tem-
perature effects of  the measurement devices are 
made.

The company Ingenieurbüro für Bauwerkserh-
altung Weimar GmbH installed the measuring system 
and is performing the data acquisition since 2009.

4 RESULTS OF THE MEASUREMENTS

4.1 Effective temperature

The daily and yearly fluctuation of the air temper-
ature as well as the solar radiation on the structure 
influence the temperature variation and its distri-
bution in the cross section of the superstructure. 
For the design of the bridge, the linear component 
ΔT is calculated as the difference between an aver-
age temperature of the superstructure Te and the 
neutral temperature T0. Over the section height 
and width, an important temperature gradient can 
be observed. To analyze the strains due to tempera-
ture, the “effective” temperature has to be deter-
mined based on the measured datas. In this case, 
the effective temperature has been calculated as a 
weighted average of the measuring points:

Te iTT i
i

c Ti i=∑
 

(1)

Based on a multiple linear regression, the coef-
ficients have been determined so that the course of 

Figure 4. Concept for the monitoring at the Scherkondetalbrücke.

Figure 5. Sensor system for the measurement of con-
crete strains at the pier head.
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the effective temperature coincide with the course 
of the deformation of the superstructure measured 
in axis 13. To minimize the disruptive effect of 
strains due to creep and shrinkage, a small period 
of two month in the last autumn has been taken 
as basis for the determination of these coefficients. 
The best fit in the field between axis 9 and 10 was 
reached by the following coefficients:

T T TeTT upper centerTT bottoTT m⋅00 29 0T + 35 0 36. .upper9 0TupperTT + .  
(2)

The analysis in the other fields shows that the 
determined formula is valid over the entire bridge 
length.

4.2 Temperature coefficient

Since the assumption, that the abutments in axis 0 
and 13 can be considered as fixed, has been veri-
fied and that the retention force do to the piers is 
negligible, the strains in the superstructure can be 
determined from the measured joint displacements 
ΔL in axis 13. From the beginning of the measure-
ment to August 2014, the structure was only sub-
jected to climatic loads. The appearing strains in 
the superstructure can be attributed to temperature 
variations and time-delayed concrete deformations 
and can be expressed by the following formula:

ε ε ε( )α α+ + +Δ ΔL
L

T
TLL

α αα cc cs

 
(3)

where LT = 576.5 m; αTr  = “real” thermal coef-
ficient; αTa  = “apparent” thermal coefficient; 
εcc = creep strain and εcs = shrinkage strain.

By the composite material concrete, the thermal 
coefficient has to be differentiated in a real and an 

apparent part (Taferner et al. 2009). The real part 
is dependent from the kind, the composition and 
the proportion of the aggregates while the tem-
perature, the age and the humidity of the concrete 
condition the apparent part.

By converting Equation 3, the thermal coeffi-
cient can be determined:

α α ε ε
T Tα αα r TαTT aTT

T

ccεε csL
LT T

= +αTα rT = + +Δ
Δ ΔT  

(4)

As shown in Figure 6, the measured joint dis-
placement is directly proportional to the tempera-
ture variations measured in the girder. The shorter 
the considered period or the older the concrete, the 
pronounced is the linearity between displacement 
and temperature. By performing a linear regres-
sion between ΔL and ΔT for a period of 1 year, 5 
years after concreting, the strains due to creep and 
shrinkage are negligible compared to the tempera-
ture strains (see Figure 6). The thermal coefficient 
of the real structure can be determined according 
to Equation 5:

α αT Tα r TαTT aTT K= +αTα rT = = ⋅ −5 00
576 5 1⋅ 0

8 7 10 1
3

6,
.

.
 

(5)

With increasing age of the concrete, the lines in 
Figure 6 get more and more parallel and the offset 
from one year to the next gets smaller, so that the 
determined thermal coefficient gives a very good 
approximation of the real temperature behavior of 
the superstructure.

The measured coefficient is about 13% smaller 
than the one assumed in the codes for the design of 
concrete bridges. Similar investigations performed 
on further viaducts showed, that the measured 

Figure 6. Joint displacement as function of the effective temperature.
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thermal coefficients varies between 8 0 10 6. ⋅ −  and 
13 0 10 16. K . This scatter band corresponds very 
well with the investigations of (Dettling 1962) for 
usual aggregates and normal concrete mixtures.

4.3 Longitudinal deformations due to 
temperature, creep and shrinkage

As shown in the last section, the longitudinal dis-
placements are mainly caused by temperature vari-
ation and by creep and shrinkage in the first years 
after completing the bridge. In order to distinguish 
the influence of both temperature and time-de-
layed strains, the temperature strains have been 
calculated from the measured temperature varia-
tions and from the determined thermal coefficient 
(see Figure 7).

By subtracting the temperature part from the 
measured joint displacements, the strains due to 
creep and shrinkage can be determined.

The observed qualitative tendency corresponds 
to the expected trend. The irreversible displace-
ments are equal to 55 mm in the first, 23 mm in the 
second, 17 mm in the third and 7 mm in the fourth 
year. By extrapolating the observed behavior from 
the five first years with a logarithmic approxima-
tion, an irreversible and unidirectional displace-
ment due to creep and shrinkage of 210 mm can 
be predicted for the end value after 100 years. This 
measurement-based approximation confirms the 
calculated value according the assumptions from 
EN 1992.

Besides the long-term increasing of these time-
delayed deformations, their seasonal development 
can be observed in Figure 7. The irreversible defor-
mations develop “slower” in the cold winter month 

between October and February (see curve (3)) than 
by temperatures higher than 10°C. This seasonal 
difference is very pronounced in the first years and 
becomes smaller with increasing concrete age. The 
essential cause of this non-monotonous strain-
development can be attributed to the influence of 
temperature and humidity on the concrete mate-
rial characteristics. The thermal coefficient as well 
as the creep and shrinkage behavior are depend-
ent from the age and from the environmental 
conditions. According to the code, the influence 
of temperature can be taken into account using 
the effective concrete age. The variable relative 
humidity can be considered in the calculation of 
the autogeneous shrinkage and by the calculation 
of the creep coefficient. By taking into account all 
the possibilities offered by the code to consider 
variable environmental conditions, it is possible 
to reproduce the shape of the measured curve (3), 
but the development of the calculated curve based 
on the material model of Eurocode considerably 
underestimates the measured one and remains 
monotonous. The older the concrete, the better the 
accordance between the model and the real object.

4.4 Bending of the pier heads

The monolithically fixed piers of semi integral 
bridges are subjected in the design process as well 
as by the construction to high requirements. Traffic 
loads generate normal forces and bending moments 
in the piers. However, the most of the solicitation 
in the piers is due to the longitudinal displacements 
of the superstructure. The constraint forces gener-
ated by a displacement of the pier top are prima-
rily dependent on the pier length, on its bending 

Figure 7. Partitioning of the joint displacement in temperature, creep and shrinkage part.
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stiffness as well as on the bedding condition of the 
foundation.

The pier length is predetermined by the geom-
etry of the valley. In order to reduce the constraint 
forces in the piers, the construction of the founda-
tion and the pier section must be optimized during 
the design.

The choice of single-row pile foundations and 
thin concrete walls (1,0 to 1,5 m thick) contributed 
to a reduction of the solicitation in the case of the 
Scherkondetalbrücke. Furthermore, the chosen 
construction method (see section 2.2) permitted 
to reduce the effect of time-delayed displacements. 
With all these optimizations, all the piers until axis 
10 could be fixed monolithically to the girder. In 
the axis 11 and 12, the distance to the fixed point 
was too big, so that the ratio between pier length 
and impacting displacement required the use of 
bearings.

In order to draw conclusions from the influence 
of the bedding conditions of the foundation and 
from the cracking of the concrete section, meas-
urements of the strains have been performed in the 
area of the pier top in axis 2, 5 and 9. By measur-
ing the strains on both east and western side of 
the section, the curvature can be determined and 
compared to the calculated ones.

The longitudinal strains in the superstructure 
are assumed constant over the bridge length. The 
displacement of the girder on each axis can be 
determined proportionately to the distance to the 
fixed point based on the measured displacement in 
axis 13. In the Figure 8, the measured curvature in 
the pier top is represented as function of the longi-
tudinal displacement of this pier.

The measured curvature is linearly proportional 
to the displacement in the three monitored axis. 
This proves that the longitudinal displacement of 
the superstructure is the leading solicitation in the 
pier. The length of  the piers are 11.73 m in axis 2, 
23.95 m in axis 5 and 32.55 m in axis 9. The meas-
urement data in Figure 8 show that the longer the 
pier is, the lower the gradient of  the curvature by 
a unit top displacement is. Thus the pier length 
increase with increasing distance to the axis 0 
(see Figure 2), the utilized capacity for bending 
moments is similar in each axis (see Figure 8). 
This attests that the chosen structure geometry 
is optimal for the topography of  the Scherkonde 
valley.

Furthermore, the linear trend of the curves 
shows that no cracks seems to be present in the 
monitored pier area of about 20 cm. The meas-
ured data are not disturbed by local singularities 
and can be taken as basis to evaluate the resistant 
parameters (bending stiffness distribution along 
the pier and stiffness of the foundation).

In the calculation, the piers are included in the 
complete structure model. For the comparison 
between measured and calculated curvatures, a 
detailed model of the pier has been developed (see 
Figure 9). The concrete pier is modelled as a beam. 
The width variation of 40:1 and the hole under the 
girder are considered in the stiffness distribution. 
The continuity of the prestressed superstructure is 
modelled by a torsion spring Cϕ,S. The foundation 
and the interaction soil/foundation is modelled by 
two linear springs (Cx and Cz) and by a torsion 
spring Cϕ,F.

The moments and the corresponding curvature 
have been calculated with a linear elastic material 
model for the reinforced concrete and the founda-
tion stiffness is based on mean values of the soil 

Figure 8. Curvature as function of the pier top dis-
placement in axis 2, 5 and 9 for the period from October 
2013 to October 2014.

Figure 9. Model of the pier.
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bedding conditions. The results of the comparison 
are summarized in Table 1.

In all three axis, the measured curvature, and 
consequently the constraint force in the pier head, 
is lower than the calculated one. This difference 
can be attributed to a softer behavior of the foun-
dation than expected. Another cause can be a local 
decreasing of the bending stiffness on the pier top, 
for example due to a cracked section. In order to 
attribute precisely the causes, further investigations 
are necessary. Nonetheless, the results of measure-
ment are favorable for the solicitation of the piers. 
Especially cyclic displacements due to the yearly 
temperature variation, which cannot be reduced 
through the creeping of the piers, leads to lower 
constraint forces than estimated in the design.

Since the system has a very stiff  fixed point in 
axis 0, the effect of larger forces under traffic loads 
due to this softening will not affect the structure 
safety.

5 CONCLUSION

The performed monitoring over the last 5 years on 
the Scherkondetalbrücke delivered important data 
for the understanding of the behavior of long semi 
integral bridges and permit to verify the safety of 
the structure.

The measurement of the bridge temperature and 
of the joint displacements permit to describe the 
thermal behavior of the superstructure and to control 
the appearing time-delayed concrete deformations.

In the case of the Scherkondetalbrücke, a thermal 
coefficient of 8 7 10 16. ⋅ − K  could be determined. 

Measurements on several other concrete bridges 
show that the thermal characteristics of concrete 
fluctuate between 8 0 10 6. ⋅ −  and 13 0 10 16. K . 
These observations demonstrate the influence of 
the used aggregates and of the receipt of the con-
crete mixture on the material characteristics. Since 
temperature is a leading action for the calculation 
of long semi integral bridges, this scatter band has 
to be taken into account by designing this type of 
structures.

The results of  the investigated bridge also 
show that the material models in the code pro-
vide a good approximation of  the long-term 
development of  creep and shrinkage strains. The 
seasonal development of  these strains is obvi-
ously very sensitive to variation of  environmental 
conditions as temperature and relative humidity. 
The material models in the norm are currently 
not able to explain this seasonal behavior, but 
this yearly variations does not affect whether 
the serviceability nor the bearing capacity of  the 
structure.

The measured curvature in the monolithic fixed 
piers permit to draw conclusions on the long-term 
solicitation of the piers. The results confirm that 
the chosen geometry is optimal for the site topog-
raphy. A comparison with the design assumptions 
indicates that the structure reacts “softer” than 
expected. This behavior is favorable for the struc-
ture in terms of constraint forces due to tempera-
ture, creep and shrinkage.

The performed monitoring confirms that semi 
integral bridges are reliable structures. The expe-
riences derived from the results allow to identify 
actual inaccuracies and to specify the design basics 
for future projects.
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Table 1. Comparison between measurement and calcu-
lation with Δκi variation of curvature in axis i; ΔLi longi-
tudinal displacement in axis i.

Axis 2 5 9

Length Li [m] 11.73 23.95 32.55
Thickness Ti [m]  1.10  1.50  1.50
Δκi / ΔLi calculated

[ × 10-3⋅1/m⋅mm]
 0.02133  0.00530  0.00313

Δκi / ΔLi measured
[ × 10-3⋅1/m⋅mm]

 0.01192  0.00435  0.00212

Difference −44% −18% −30%
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ABSTRACT: This paper describes the experiences of maintenance and monitoring of an innovative 
project which involves Cathodic Protection (CP) systems which are applied on 30 concrete bridges in 
the Netherlands. As the concrete beam heads that where protected contain the prestressing anchorages, 
special care was taken for sufficient protection of the steel without over-protecting any part of the pre-
stressing steel in order to avoid hydrogen embrittlement. The project was executed in 2012 and 2013 
and involved a total of over 1.500 prestressed beams heads with a total of more than 3.000 reference 
electrodes, which will be monitored for 20 years. The organisation for this long-term project was set up 
to secure a continuing work method so the structures will (safely) be maintained in the coming decades. 
This organisation, the technical challenges, and results of the maintenance and monitoring of the first 
two years, which show interesting results with regard to the application of ICCP on prestressed concrete 
structures, are presented.

the applied CP system. Chapter 4 describes the 
innovative approach of adding 20 years to the con-
tract and the subsequent advantages for all parties 
involved. Chapter 5 illustrates the technical chal-
lenges for the severe amount of data to be obtained 
and analysed. In chapter 6 and 7 the results of the 
first period of almost two years of measurements 
(monitoring) and maintenance are discussed which 
show interesting results with regard to the applica-
tion of ICCP on prestressed concrete structures.

2 PROJECT PAST

2.1 Project cause

During inspections of various bridges in and over 
a number of highways the Dutch Highway Admin-
istration (DHA: ‘Rijkswaterstaat’) observed that a 
significant number of bridges showed severe dam-
age at the ends (‘heads’) of their beams. Research 
showed that the cause of this damage was chloride 
initiated reinforcement corrosion. Because of leak-
age through the joints the heads of the beams were 
exposed to desalination salts (containing chloride) 
and humid conditions. Penetration of chlorides 
in combination with insufficient concrete cover 
has initially led to corrosion of mild steel rein-
forcement and consequential concrete damage. 
Because of the presence of pretension, usually 3 to 

1 INTRODUCTION

1.1 Preface

This paper describes the experiences of the main-
tenance and monitoring of an innovative cathodic 
protection project named ‘Liggerkoppen’ (which 
translates to ‘beam heads’). The application phase 
of the project is covered in the paper ‘Application 
of durable cathodic protection systems applied on 
30 concrete bridges with prestressing steel’ as pre-
sented on ICCRRR 2015.

While the long-term processes surrounding the 
maintenance and monitoring of the Cathodic Pro-
tection (CP) systems had to be secured, the inno-
vative solution of adding 20 years of maintenance 
and monitoring to the contract was established. 
This paper describes the organizations and the 
experiences of the maintenance and monitoring 
phase of this long-term project and the first results 
from the monitoring of the first 2 years.

1.2 Paper structure

Chapter 2 includes, in short, the project history 
including the preliminary investigations, the dam-
age assessment, and the final choice for cathodic 
protection as solution for the durability problems. 
Chapter 3 includes the current project status, the 
long-term challenges, and a brief  description of 
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6 prestressing steel bars per beam, the structural 
risks were considered. Further inspection found 
that the anchorage showed surface corrosion, for-
tunately without significant material loss. However, 
the urgent recommendation was given to stop fur-
ther corrosion at short notice in order to maintain 
structural integrity.

2.2 Solutions

Rijkswaterstaat, in collaboration with several 
research offices, designed a principal solution in 
which the leaking joints were to be replaced to stop 
the supply of water and chloride contaminated de-
icing salts.

However, by this measure further corrosion of 
the reinforcement can not be avoided because of 
the chloride-contamination of the concrete. The 
removal of all the contaminated concrete proved 
to be infeasible because of the anchoring forces of 
the pre-stressing.

In order to avoid the demolition of the bridges, 
it was decided to establish a call for tender for 
the replacement of the expansion joints, removal 
of damaged concrete of the affected beams over 
the first meter, and to repair and to provide these 
areas with CP. While the long-term processes sur-
rounding the maintenance and monitoring of 
the Cathodic Protection (CP) systems had to be 
secured, the innovative solution of adding 20 years 
of maintenance and monitoring to the contract 
was established.

2.3 Cathodic protection

The advise for, and design of, a Impressed Current 
Cathodic Protection (ICCP) system followed from 
the demand for the service life of the bridges to be 
extended with at least 20 years. Therefore, Rijks-
waterstaat decided to prescribe an Impressed Cur-
rent CP system (ICCP) in the tender documents 
in order to obtain sufficient certainty about the 
degree of protection. In addition to the replace-
ment of the expansion joints, it was prescribed 
to apply cathodic protection on the heads (first 
meter) of the beams which already shown chloride 
initiated damage and/or chloride contamination 
and to he the beams which are adjacent.

With the application of the CP system the 
corrosion of the reinforcement is inhibited to a 
negligible rate by lowering the potential of the 
reinforcement. The result is that further degrada-
tion and the change of possible failure of the mild 
and prestressed steel is removed and the concrete 
repairs will endure much longer than without a CP 
system.

Because of the greater sustainability and the 
better opportunities for control and monitoring 

in the operational phase Rijkswaterstaat decided 
to select the option of impressed current cathodic 
protection over a possible galvanic (‘sacrificial-
anode’) system.

While the beams are prestressed, special precau-
tion was taken in order to avoid possible hydrogen 
embrittlement (‘overprotection’) of the prestressed 
steel bars. Applied on the beams, the CP system 
has to provide sufficient protection for the steel in 
order to prevent corrosion, and at the same time 
overprotection had to be avoided at all times.

2.4 Impressed current cathodic protection system

The contract was ultimately awarded to the con-
sortium Mourik—Salverda. After replacing the 
expansion joints by Salverda, Mourik daughter 
and CP specialist company Vogel Cathodic Pro-
tection started their operation including concrete 
repair and application of CP at the heads of the 
selected beams.

Based on the set demands in the tender docu-
ments, a CP system was designed based on a 
conductive coating as anode system. The applied 
conductive coating consists of a graphite filled alu-
minosilicate matrix (non cementitious binder) with 
good strength, adhesion and long term durability 
when used as an anode. As a primary anode a plat-
inum clad copper wire was used (CuNbPt). Each 
beam head has its own connection tot the rein-
forcement steel (since there typically was no elec-
trical continuity between beams). Each beam head 
was equipped with (2 or 3) reference electrodes for 
monitoring purposes (Fig. 1).

On the surface near to the mild steel reinforce-
ment an activated titanium decay probe was placed 
in the original, non-repaired, concrete. For the 
selection of this location the most likely corrod-
ing area was selected as determined by potential 

Figure 1. As-built CP system with conductive coating 
and decentralized power supply and monitoring units.
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mapping. This was typically near the joint, at the 
bottom side of the beam.

Near the prestressing steel a true reference elec-
trode (silver chloride electrode) with a long life-
time expectancy was placed. For the selection of 
the electrodes locations the prestressing steel was 
located on the ‘worst case’ when considering over-
protection risks, so as near to the anode system as 
possible. On these locations, by drilling towards the 
cable ducts and continuously measuring the cover 
thickness in the bore hole (depth probe with con-
crete cover meter), the reference-electrodes where 
placed at 10 mm of the prestressing steel. This 
depth was typically approximately 200 mm, which 
is also the distance to the anode system. Also 2 
connections to the steel were made in every beam 
by welding in order to provide for a cathodic con-
nection in the CP system of the beam and a second 
connection for measuring purposes. Cable slots 
were milled in the concrete surface of the beam in 
order to make the system more durable, less visible 
and less vulnerable. All cables outside the surface 
of the beams are concealed in stainless steel pipes.

The CP system was designed to be operated on 
solar power with a battery back-up. In the design 
of capacity, for both the solar power and the bat-
tery back-up, the tender documents specified an 
up-time over 90% on a yearly basis. In effect this 
means designing for power consumption under 
poor production circumstances during winter time 
(The Netherlands is located approximately 51° lati-
tude on the Northern hemisphere).

Furthermore, the tender documents specified 
the ability for remote control of the CP systems. 
Due to the large number of reference electrodes 
there is a strong need to limit the amount of 
cabling involved by placing power supplies near to 
each beam. In order to do so, in general 3 beam 
heads are grouped to a zone (typically 4–5 m2 of 
protected surface) with a decentralized, remote 
controlled power supply.

3 CURRENT PROJECT STATUS

The ‘Liggerkoppen’-project was executed in 2012 
and 2013 on prestressed beams in 30 concrete 
bridges of the Dutch Highway Administration 
(DHA: Rijkswaterstaat) which are spread over 22 
locations in the east of the Netherlands.

The number of beams which are equipped/pro-
vided with impressed current (‘active’) cathodic 
protection varies from merely 3 to over 170 beams 
per bridge (Fig. 2). In total the project involves 
an amount of over 1.500 prestressed beams of 
the total amount of almost 6.000. Every beam is 
designed as separate ‘field’ (or pseudo-zone) and 
contains at least two reference cells (occasionally 

three cells where placed for evaluation purposes), 
a titanium ‘decay’ probe and a ‘true reference’ cell. 
This leads to a sum of over 3.000 reference cells, 
which will be monitored according to the NEN-
EN-ISO 12696:2012 Standard.

While the long-term processes surrounding the 
maintenance and monitoring of the CP systems 
had to be secured, the innovative solution of add-
ing 20 years of maintenance and monitoring to the 
contract was established. As a result of the multi-
year contract the structures will (safely) be main-
tained by the contractor in collaboration with the 
client in the coming decades.

4 PROJECT ORGANIZATION

During a preliminary assessment of the possible 
risks and their effect on the function of the CP sys-
tems, several key factors of possible failure where 
determined. These threats are either technical and 
focus on the system itself, or procedural, due to the 
organizational challenges for maintaining anything 
technically complex for a period of 20 years.

The technical threads were dealt with in specify-
ing minimum demands for anode durability, tech-
nical provisions for control, and integrated quality 
control procedures during all phases of the execu-
tion and maintenance period. Specific demands 
where made on the long term performance of the 
CP system and the monitoring therefore involves 
at least two depolarisation measurements per year 
and an annual visual inspection, but with spe-
cial emphasis on large scale evaluations in year 
4, 9 en 14 of the total project. As mentioned, the 
long-term processes surrounding the maintenance 
and monitoring of the Cathodic Protection (CP) 
systems had to be secured. Experiences from 
Rijkswaterstaat with the application of CP had 

Figure 2. Example of as-built CP system at abutment 
on 27 beams with 9 decentralized power supply and mon-
itoring units.
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taught that the involvement of the local adminis-
tration after execution of the project can decrease 
rapidly. As a result, the functioning of the CP sys-
tem was not observed. In the past, this has led to 
systems that were prematurely disabled or which 
overtime did not get the attention needed to func-
tion as intended. This despite the fact that the reg-
ulations like NEN-EN-ISO 12696:2012 prescribe 
a minimal demand for an annual visual inspection 
and at least two depolarisation measurements per 
year.

During a period of 20 years organisations will 
change, both on the side of the owner (Rijkswa-
terstaat) and the side of the contractor. While the 
execution of the work itself  can easily be organised 
in a project based structure, the maintenance and 
monitoring is a 20 year process having different 
organisational demands. Special care was taken to 
avoid the loss of information on the side of Rijk-
waterstaat in the transition from ‘project’ (execu-
tion phase) to ‘process’ (20 year maintenance). 
This resulted in intensive exchange of information 
at the end of the execution phase.

Evaluating the execution and transition phase, 
the assessed risks and threats proved to be valid. 
Without the attention demanded for the main-
tenance period following on the execution, this 
project would easily have become too complex 
to handle in the ‘low attention’ phase of 20 years 
monitoring. At this point, it has been rewarding to 
see a vital installation being taken care of to func-
tion as intended for decades to come.

5 TECHNICAL ASPECTS

As described before; the total project is remotely 
controlled at 22 locations, including 30 bridges, 
with CP on 1.500 beam heads, which are spread 
over 500 zones, and have a total of more than 3.000 
reference cells. This will give enormous amounts of 
data, which have to be acquired, processed, evalu-
ated and reported during a period of 20 years.

Frequently the status of each zone is checked 
(so-called ‘on’ measurements), confirming the 
good operation of the hardware which are espe-
cially important due to the fact that these CP 
systems operate on solar power (Fig. 3). These 
measurement typically generate data of set volt-
age, applied voltage, applied current, and the on-
potentials of the reference electrodes: typically 
4.500 numbers per measurement. Combined with 
a weekly interval for measuring, this will result in 
234.000 numbers per year (4.7 million during the 
total maintenance period).

In order to establish the fact that no overpro-
tection occurs, another type of measurement (so-
called ‘instant off’ measurement) is performed in 

which the on-potentials of the individual reference 
electrodes as well as the behaviour in the instant 
of shutting off  the protective current, in the first 
second, is measured. This typically results in 
33.000 numbers per measurement. Combined with 
a weekly interval for measuring, this will result in 
1.7 million numbers per year (34 million during the 
total maintenance period).

To prove sufficient protective current a full 
depolarisation over a period of 24 hours is per-
formed according to NEN-EN-ISO 12696:2012. 
Although a minimum of two measurement per 
year are required in the standard, in the first two 
years 4 measurements a year are prescribed for 
this project. Each measurements results in 216.000 
numbers, totalling up to 864.000 numbers for the 
first two years, and 432.000 for the subsequent 
years (9,5 million during the total maintenance 
period).

Obviously, the acquisition and processing of the 
data is challenging and demand automated proce-
dures. Based on automatic processes on a yearly 
basis all general results are published and statisti-
cally treated. Specific measurements that could 
indicate problems, i.e. failure, insufficient pro-
tection or over-protection, are reported without 
delay on an individual basis. Acceptable outcomes 
(within bandwidths) are specified in the software 
to reduce the workload without risking neglect or 
ignorance of important results.

6 MONITORING

The results of the monitoring during the first two 
years are promising. All bridges and beam heads 
show sufficient protection, while no risk of over-
protection was observed for this first period.

Figure 3. Central measuring and control unit and solar 
panels.
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Typically the initial current density at start up 
of the zone is very high (50–100 mA/m2), but drops 
rapidly to normal values (below 20 mA/m2). Within 
a few weeks to not more than 6 months the current 
density needed for sufficient protection decreases 
to an average of 1–2 mA/m2. At the same time this 
current output requires a steady increase of applied 
cell voltage (cathode to anode) from an initial 2 
volts to values in the range of 3–7 volts. There is a 
variation between locations, but only minor vari-
ations within one bridge. It was therefore decided 
that, for the time being, all zones within one bridge 
are operated at the same set voltage.

As a result of the numbers shown above it can 
be concluded that the apparent system resistance 
increases. As observed, the instant-off  potential 
at the anode shows a sharp increase from an ini-
tial value of 0,2–0,5 volts to values stabilising on 
approximately 1,8–2,2 volts. Therefore, part of 
the increase in system resistance is due to semi-
permanent polarisation of the anode. Other fac-
tors resulting in increased system resistance are 
assumed to be oxygen consumption and drying out 
of the concrete after replacing the joints and the 
application of the conductive coating presenting a 
barrier to moisture absorption.

Initial measurements of depolarisation show high 
depolarisations which are well over the minimum 
requirement of 100 mV according to NEN-EN-ISO 
12696:2012, with little variation over beams with 
active corroding steel and beams included in the 
project where the protection is more or less preven-
tive (the adjacent beams). Over time this tends to 
reduce to values from 100–250 mV depolarisation, 
with no structural difference between protected and 
prevented sides. This might be due to the repas-
sivation of the active corroding steel, resulting in 
comparable micro-environments in all beams. The 
difference between the monitored mild steel rein-
forcement and the monitored deep locations near 
the prestressing steel is present at start up, but tends 
to disappear over time. At some locations there is no 
significant difference between the behaviour of the 
reinforcement at typically 35 mm depth and the rein-
forcement at 200 mm depth. This was unexpected, 
but shows a deep penetration of sufficient protective 
current in a heavily reinforced, high quality concrete 
which is dense, and has a low permeability.

As an example various results are represented 
in the figures 4 to 6 below. It is noted that some 
reference electrodes do not meet with the 100 
mV depolarisation criterion (criterion 8.6.b from 
NEN-EN-ISO 12696:2012). Some reference elec-
trodes are dysfunctional, some are placed very 
deep in order to assess the absence of overprotec-
tion at the prestressing steel (up to 40 cm of depth), 
and some show instant off  potentials at very low 
levels at which depolarisation tends to be too slow 

to meet criterion 8.6.b but those locations do meet 
criterion 8.6.a from NEN-EN-ISO 12696:2012. 
As the number of reference electrodes failing was 
very small and functional reference electrodes were 
present at all sites, it was decided not to replace any 
defective reference electrodes until future mainte-
nance is year 4 or 9.

Figure 4. Example cathodic depolarization for a typical 
viaduct.

Figure 5. Overall data for frequencies (for degree) of 
depolarization.

Figure 6. Overall data for frequencies exclusion of 
hydrogen embrittlement.
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7 MAINTENANCE

During visual inspections several minor defects 
from the execution and the maintenance period 
where detected and dealt with. There are no signs 
of aging, as expected during this relatively short 
period, but some evaluated risks have proven to be 
valid. These observations where related to:

− A single incident of maintenance performed by 
a third party on a protected site resulted in a few 
small damages of the conductive coating, some 
water induced damage on two power supplies 
and large scale pollution of the surface. These 
issues where dealt with and resolved.

− At a few locations theft of solar panels and bat-
teries caused temporary shutdown of the sys-
tems. After replacement measures were taken to 
avoid further theft. 

− At three locations stainless steel cabled ducts 
where unintentionally shorted with the anode 
and corroded as anodes for protecting the rein-
forcement steel of the abutment beneath the pro-
tected beam heads.

All observed problems proved to be self-explan-
atory and unproblematic to deal with.

Over 10 years of practical experience with the 
specific conductive coating exists in the Nether-
lands. At these locations, presently significant signs 
of aging and failure of the anodes is observed or 
reported. At the same time there are signs of aging 
process in specimens subjected to accelerated aging 
tests in the laboratory. Despite the general expect-
ancy to have a long lasting, durable anode system, 
within the project described above, some mainte-
nance is expected at the scheduled full scale visual 
inspections in years 4, 9 and 14. For this purpose 
the conductive coating is not covered with a top 
coat, in order to facilitate easy maintenance.

8 PROSPECTIVE AND CONCLUSIONS

Cathodic Protection (CP) is a successful technique 
to guaranty structural integrity by which corrosion 
of reinforcement is inhibited to a negligible rate 
by lowering its potential. In a project named ‘Lig-
gerkoppen’ (which translates to ‘beam heads’) 30 
concrete bridges in the Netherlands are provided 
with a Impressed Current Cathodic Protection sys-
tem. The project was executed in 2012 and 2013 in 
commissioned by the Dutch Highway Administra-
tion (‘Rijkswaterstaat’; DHA).

While the long-term processes surrounding the 
maintenance and monitoring of the CP systems 
had to be secured, an innovative solution was estab-
lished which included 20 years of maintenance and 
monitoring, which will be performed according 

to NEN-EN-ISO 12696:2012. As a result of the 
multi-year contract the structures will (safely) be 
maintained by the contractor in collaboration with 
the client in the coming decades.

Due to chloride initiated corrosion, caused by 
leakage through the joints in combination with 
insufficient concrete cover, numerous beams were 
damaged and it was urgent to find a solution to 
stop further corrosion at short notice in order to 
maintain structural integrity. Distributed over the 
30 bridges, a total of over 1.500 prestressed beam 
heads are provided with a conductive, graphite 
filled aluminosilicate, coating as anode system.

Each beam head is equipped with (2 or 3) ref-
erence electrodes for monitoring purposes, which 
results in a total of more than 3.000 reference 
electrodes. Near the prestressing steel a true ref-
erence electrode (silver chloride electrode) with a 
long lifetime expectancy was placed. Special care 
could therefore be taken for sufficient protection 
of the steel without overprotecting any part of 
the prestressing steel in order to avoid hydrogen 
embrittlement.

Due to the large number of beams per bridge, 
beam heads were grouped to zones with decentral-
ized power supplies to limit the cabling. The CP 
systems are powered with solar power with a bat-
tery back-up with a up-time over 90% on a yearly 
basis. The CP-systems are, as tender documents 
specified, remotely controlled.

During a preliminary assessment of the possible 
risks and their effect on the function of the CP sys-
tems, key factors of possible failure where deter-
mined. These threats are either technical, which 
focus on CP-systems, or procedural, due to the 
organizational challenges for maintaining anything 
technically complex for a period of 20 years.

The procedural challenges are dealt with for spe-
cial care was taken to avoid the loss of information 
on the side of Rijkwaterstaat in the transition from 
‘project’ (execution phase) to ‘process’ (20 year 
maintenance). Evaluating the execution and tran-
sition phase, the assessed risks and threats proved 
to be valid. Without the attention demanded for 
the maintenance period following on the execu-
tion, this project would easily have become too 
complex to handle in the ‘low attention’ phase of 
monitoring. At this point, it has been rewarding to 
see a vital installation being taken care of to func-
tion as intended for decades to come.

The technical threads were dealt with in specify-
ing minimum demands for anode durability, tech-
nical provisions for control, and integrated quality 
control procedures during all phases of the execu-
tion and maintenance period. Specific demands 
where made on the long term performance of the 
CP system and the monitoring therefore involves 
at least two depolarisation measurements per year 
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and an annual visual inspection, but with special 
emphasis on large scale evaluations in year 4, 9 en 
14 of the total project.

The status of the zones are frequently moni-
tored, confirming the good operation of the hard-
ware, sufficient protection of the reinforcing steel 
and the absence of overprotection at the prestress-
ing steel. This results in large sets of data (48 mil-
lion during the total maintenance period) which 
have to be processed and evaluated.

The acquisition and processing of the data is 
challenging and demands automated procedures. 
Based on automatic processes on a yearly basis 
all general results are published and statistically 
treated. Specific measurements that could indi-
cate problems, i.e. failure, insufficient protection 
or over-protection, are reported without delay on 
an individual basis. Acceptable outcomes (within 
bandwidths) are specified in the software to reduce 
the workload without risking neglect or ignorance 
of important results.

The results of the monitoring during the first 
two years are promising. All bridges and beam 
heads show sufficient protection, while no risk of 
over-protection was observed for this first period. 
Typically the initial current density at start up of 
the zone is very high but drops rapidly to nor-
mal values. At the same time this current output 
requires a steady increase of applied cell voltage 
(cathode to anode) from an initial 2 volts to values 
in the range of 3–7 volts. It can be concluded that 
the apparent system resistance increases.

Initial measurements of depolarisation, to prove 
sufficient protection, show high depolarisations 
which are well over the minimum requirement of 
100 mV with little variation over beams with active 
corroding steel and beams included in the project 
where the protection is more or less preventive. Over 
time this tends to reduce to values from 100–250 
mV depolarisation, with no structural difference 
between protected and prevented sides. This might 
be due to the repassivation of the active corroding 
steel, resulting in comparable micro-environments 
in all beams. The difference between the monitored 
mild steel reinforcement and the monitored deep 
locations near the prestressing steel is present at 
start up, but tends to disappear over time.

During visual inspections several minor defects 
from the execution and the maintenance period 
where detected and dealt with. There are no signs 
of aging, as expected during this relatively short 
period, but some evaluated risks have proven to 
be valid. All observed problems proved to be self-
explanatory, were not related to the CP technique 
itself, and were unproblematic to deal with.

With the application of the CP system the 
corrosion of the reinforcement is inhibited to a 
negligible rate by lowering the potential of the 
reinforcement. The result is that further degrada-
tion and the change of possible failure of the mild 
and prestressed steel is removed and the concrete 
repairs will endure much longer than without a CP 
system.
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Case studies in the practical application of pulse echo technology

D. Corbett
Proceq SA, Switzerland

ABSTRACT: Although it has been around for several years, the use of ultrasonic pulse echo technol-
ogy for the assessment of concrete structures is not widely understood. This paper will demonstrate the 
practical application of this technology by means of a number of real case studies. It will show what 
information can be uniquely obtained from a structure with this method and will also show how it is 
complementary to other non-destructive measurement techniques. It will also demonstrate the limits of 
the technology as it is equally important to understand what it cannot do.

areas and it was suspected that the cast in place 
concrete had not bonded correctly with the precast 
element, causing delaminations that had seriously 
weakened the structure. This was confirmed in a 
few locations by taking cores. The problem faced 
on site was how to determine the extent of the 
delaminations by non-destructive testing. Tradi-
tional pulse velocity measurements were out of the 
question due to practical considerations. GPR had 
been tried without success as that technology is 
only able to detect delaminations if  they are filled 
with water or some kind of sealant such as epoxy. 
Pulse echo technology only requires access from a 
single side and is ideally suited to detecting delami-
nations due to the difference in the acoustic imped-
ances of concrete and air, which means there is an 
almost total reflection from any air gap.

2.2 Trial tests with pulse echo technology

Pulse echo B-Scans were carried out on the under-
side of the ceiling, directly on the precast con-
crete using the Pundit PL-200PE instrument from 
Proceq.

Cores taken close to supporting columns had 
shown no evidence of delaminations. The first 
measurement was made with a fine grid of 2.5 cm 

1 INTRODUCTION

One of the key areas of  development in Non-
Destructive Testing (NDT) of concrete in recent 
years has been in imaging using tomography meth-
ods. There is a real need to see the internal structure 
of the concrete element, be it the reinforcement 
structure, the location of post-tensioning cables, 
the presence and extent of delaminations or hon-
eycombing. Ground penetrating radar, eddy cur-
rent and impact echo instruments have all been 
used for this purpose. Each technology has its 
advantages and disadvantages, yet none of them, 
used independently can provide all of the informa-
tion required. A combination of instrumentation 
is necessary to build up a more complete image of 
the internal structure of the concrete element. Pulse 
echo technology is an additional string to the bow 
of the NDT specialist. The following case studies 
show what kind of information it can provide.

2 CASE STUDY ONE—PRECAST 
CONCRETE ELEMENTS

2.1 The testing issue

Precast elements are becoming ever more popular 
for multi-functional floor systems, heating and 
cooling purposes and in constructions where the 
weight of the element is critical. In this case the 
subject was a multi-storey car park. A cross section 
of the element is shown in Figure 1. The polysty-
rene blocks reduce the amount of concrete that is 
cast in place.

The 70 mm layer is the precast concrete and the 
310 mm layer is the cast in place concrete. Each 
element was 13.5 m long and there were approxi-
mately 70 such elements on each floor. The floors 
of the car park were seen to be sagging in several Figure 1. Cross section of precast element.
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moving outwards from one of the support columns 
as shown in Figures 3 and 4.

Over the first 45 cm of the scan, the back wall 
can be seen clearly. This is what you would expect if  
the bond between the precast element and the cast 
in place concrete is good. After this, to the right of 
the scan there is clear evidence of a delamination. 
The depth of the delamination is at 10 cm.

The shear wave pulse velocity of 2888 m/s was 
determined using an automatic pulse velocity esti-
mation function that performs a surface meas-
urement over a known distance. This is a similar 
procedure to the method defined in ASTM C1383 
[1] for impact echo. There is currently no interna-
tional standard for pulse echo technology applied 
to concrete testing. The method assumes that the 
pulse velocity at the surface is the same through-
out the concrete element being measured. Gener-
ally this is not true and certainly not in an element 
such as this with two different types of concrete. 
That is the reason the distances are slightly over-
estimated. In this case it would be a simple matter 
to correct the pulse velocity as the actual element 
thickness is known, however as the object of the 
exercise is to locate delaminations it is irrelevant.

The next step was to make a scan perpendicular 
to the first scan at a location that was suspected of 
being a delamination from the first scan.

Here we can see that there is no difference in 
the echo when scanning over the concrete polysty-
rene section and the precast/cast in place concrete 
section. A strong echo from the polystyrene is 
expected as it has a much lower acoustic imped-
ance (approximately 2.5) to that of  concrete 
(approximately 9). On the other hand, strong echo 
in the area between the two polystyrene blocks can 
only be explained by a delamination.

2.3 Larger scale scan

Encouraged by the initial results it was decided to 
undertake a larger scale scan again in the direction 
indicated by Figure 3, this time using a 10 cm spac-
ing between A-Scans.

Here it can clearly be seen that the delamina-
tion begins around 20 cm from the beginning of 
the scan and continues up to 1.6m. After that 
the back wall becomes visible again indicating a 
good bond between the precast and cast in place 
concrete.

Figure 2. Pundit PL-200PE Pulse Echo Instrument.

Figure 3. Positioning of initial scan.

Figure 4. Initial B-scan.

Figure 5. Positioning of second scan.
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In order to verify the findings perpendicular 
control scans were made both in the area with the 
delamination and also in the area where it was 
believed there was a good bond.

The control scans provide the final evidence. In 
figure 8 the delamination is clear as there is no dif-
ference between the echo from the polysterene and 
the precast/cast in place bond.

In figure 9 the bond is good. On either side we 
see the echo from the polystyrene blocks and in the 
centre we see the reflection from the back wall indi-
cating a good bond between the precast and cast in 
place concrete.

2.4 Summary

For this application, pulse echo technology is 
clearly the answer allowing the extent of the delam-
inations to be assessed non-destructively. Depend-
ing on the size of the delaminations, larger grids 
may be used to save time. Verification is always 
possible using a finer grid in cases of doubt.

Figure 6. Perpendicular B-scan.

Figure 7. Large scale scan.

Figure 8. Control scan over delamination.

Figure 9. Control scan over good bond.
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3 CASE STUDY TWO—CONTROL OF 
POOR CONCRETE POUR

3.1 The testing issue

The next case study is concerned with the con-
struction of a large office building in Zurich. Like 
many similar structures the building had to be 
constructed as cheaply as possible and for this rea-
son cheap materials and a low cost workforce was 
employed.

Figure 10 shows the cause of the suspected prob-
lem. There are built-in air ducts with a gap below 
of only 8–9 cm into which the concrete should flow 
during pouring. In this concrete layer there are also 
rebars and tubes for electric lines. Concrete with 
32mm aggregate was used and it was suspected 
that it did not flow not properly and that it had 

Figure 10. Void area below air duct with rebars and 
service cable ducts.

Figure 13. B-scan on a known good location.Figure 11. Pulse echo measurement.

Figure 12. B-scan on a known bad spot.

not been compacted properly, leading to the crea-
tion of large voids. This was confirmed in a few 
locations using destructive methods. The task was 
to try to determine the location of further voids 
non-destructively.

3.2 Pulse echo scan results

Once again it was necessary to measure on the 
ceiling.

The initial scan was made on a known ‘bad’ 
spot. The results are shown in Figure 11.

In this location there was no clear echo at all. 
Compare this image with the next scan, figure 13, 

ICCRRR15_Fullpaper_Book.indb   890ICCRRR15_Fullpaper_Book.indb   890 8/27/2015   9:21:56 AM8/27/2015   9:21:56 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-125&iName=master.img-009.jpg&w=189&h=127
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-125&iName=master.img-010.jpg&w=191&h=186
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-125&iName=master.img-011.jpg&w=191&h=195
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-125&iName=master.img-012.jpg&w=191&h=185


891

reinforcing steel present it can also be a problem 
for GPR. Tomographic surveys with impact echo 
have been used for this application. The aim of 
this test was to see if  it was possible to locate such 
cables using pulse echo technology.

B-Scans were carried out from the below, per-
pendicular to the route of the cable. Figure 14 
shows the profile of the cable. Figures 15 and 16 
show the resulting B-Scans made at 90 cm and 
360 cm from the end of the cable.

In Figure 15 the PT cable is clearly visible at a 
depth of about 25 cm. There is also a clear shadow 
of the cable on the back wall at a depth of 50m. 
Figure 16 shows the scan at 360 cm from the end. 

Figure 14. B-Scan over an air duct.

Figure 15. Profile of post-tensionin cable.

which was made a known good location. The left 
side of the scan shows the reflection from an air 
duct at a depth of about 10 cm. The right side of 
the scan has no clear reflection except for a very 
weak echo from the back wall at around 80 cm. 
This was a clear indication that the pulse echo tech-
nology could differentiate between areas with and 
without voids. It also shows one of the limits of the 
technology. The Pundit PL-200PE uses a 50 kHz 
dry contact shear wave transducer. The maximum 
penetration depth is typically in the range 50 cm – 
1m depending on the quality of the concrete and 
the amount of reinforcing steel.

At locations where the concrete had flowed 
and been compacted properly, the air ducts could 
be clearly identified at the correct depth with the 
correct width. An example of this can be seen in 
figure 13.

3.3 Summary

Pulse echo technology is very useful for distin-
guishing voids. It is very useful always in such 
applications to be able to measure on known good 
and bad locations to be certain that the interpreta-
tion of the B-scans is correct.

4 CASE STUDY THREE—LOCATING POST 
TENSIONING CABLES

4.1 Description of the test

Locating post tensioning cables can be problem-
atic. They are generally beyond the range of eddy 
current instruments and if  there is too much 

Figure 16. B-Scan over PT cable 90cm from end.
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Figure 17. B-Scan over PT cable 360 cm from end.

Here again the PT cable can be clearly seen at a 
depth of about 10 cm and once again there is a 
corresponding shadow on the back wall.

4.2 Summary

The location of post tensioning cables proved to 
be very simple using pulse echo technology. It was 

very easy to recognize the cable and also to deter-
mine its depth at various positions along its length, 
allowing a check of correct installation.

5 CONCLUSION

Pulse echo technology is ideally suited for locating 
voids and delaminations, in particular where access 
is limited to a single side. While it does not have 
the penetration depth of impact echo technology, 
for structural applications where the thickness of 
the elements does not exceed about 1m, it provides 
a much clearer image of the internal defects. It is 
not suitable for identifying rebars. Indeed one of 
its advantages is that it is able to see beyond rebar 
layers to identify large, deeper objects such as post-
tensioning cables.
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Corrosion rate measurements in concrete—a closer look at the linear 
polarization resistance method

U.M. Angst & M. Büchler
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ABSTRACT: This paper discusses the theoretical background of the commonly used Linear Polariza-
tion Resistance (LPR) method and focuses particularly on the severe discrepancy between theory and 
practice when the method is applied to macro-cell corrosion, which is the typical morphology in the 
case of chloride-induced reinforcement corrosion. Despite the fundamental inapplicability of the LPR 
method, it has from literature results long been known that an—empirical—relationship between the cor-
rosion rate and the polarization resistance exists. Experimental results on the current distribution between 
cathodic and anodic areas during external polarization are presented and discussed with respect to the 
concept of “current confinement”. As a perhaps unconventional view, it is here argued that the lateral 
current spread-out should not be regarded as a problem, but that this is in fact one of the reasons for the 
“apparent applicability” of the LPR method to macro-cell corrosion.

to insufficient theoretical grounds, but also to the 
lack of reliable experimental data on the corrosion 
rate of structures and laboratory specimens under 
certain exposure conditions. In short, reliable and 
preferably non-destructive corrosion rate meas-
urements play an important role at the engineer-
ing decision taking level, and form the basis for 
research aiming at refining predictive models for 
the corrosion propagation stage.

There exist a variety of experimental methods 
to determine the corrosion rate such as electro-
chemical procedures, gravimetric (weight loss) 
measurements or other approaches (McCafferty, 
2010). For reinforcement steel embedded in con-
crete, only electrochemical methods permit non-de-
structive measurements of instantaneous corrosion 
rates. These are typically based on applying an 
external polarization current to excite the system 
and recording the system response. A number 
of approaches including alternating current and 
direct current techniques have been proposed, but 
the by far most common method in corrosion sci-
ence in general is the so-called linear polarization 
resistance (LPR) method.

This paper discusses the theoretical background 
of this method and focuses particularly on the severe 
discrepancy between theory and the conditions in 
practice when the method is applied to localized 
corrosion, which is the typical morphology in the 
case of chloride-induced reinforcement corrosion. 
Some of the considerations are highlighted with 
selected experimental results that were obtained 
in a recent research project performed at the Swiss 

1 INTRODUCTION

The rate at which steel corrosion occurs in rein-
forced concrete is an essential parameter for assess-
ing the residual service life of a structure and thus 
for maintenance planning. However, determining 
corrosion rates reliably, particularly on site, is not 
straightforward. As a result, it is common practice 
to conservatively schedule repair work relatively 
soon after corrosion has initiated.

Also in service life predictions, the propagation 
stage is often not taken into account, primarily 
because of the low confidence in current, mostly 
empirical predictive models for the corrosion rate 
(Raupach, 2006, Otieno et al., 2011). The practice 
of neglecting the propagation stage, however, does 
not permit holistic assessments of new (innova-
tive) solutions in terms of their cost-effectiveness 
and environmental impact. For developing new, 
sustainable cement types, for instance, it is crucial 
to not only reduce their environmental footprint at 
the time of manufacture but to also ensure long 
service lives. Particularly systems that tend to 
exhibit lower alkalinity, compared with traditional 
Portland cement concrete, may lead to corrosion 
initiation relatively early. Nevertheless, if  they have 
at the same time denser microstructures and higher 
electrical resistivity, long service lives may still be 
reachable in practice—given low corrosion rates 
and thus extended propagation stages.

It is thus essential to enhance future predictive 
models for the corrosion propagation stage. The 
large uncertainties in current models can be traced 
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2 EXPERIMENTAL

2.1 Materials

The experimental results presented in this paper 
were obtained in a setup consisting of a large plas-
tic container filled with aqueous solution and two 
layers of steel mesh (Fig. 1). While the steel mesh 
simulated the reinforcement steel in a concrete slab, 
the aqueous solution simulated the concrete. Differ-
ent solution conductivities were achieved by mixing 
demineralized and tap water; for the results shown in 
this paper, the electrical resistivity of the solution was 
240 Ohm m. The container was 1 m in length and 
width and had a height of 0.4 m. The cover depth 
was adjusted by filling the container to different lev-
els. In addition, the slab thickness could be varied by 
adjusting the distance between the two steel meshes.

The upper and lower steel meshes were made 
of smooth stainless steel bars with a diameter of 
6 mm and a spacing in both directions of 7 cm. 
The steel meshes were divided in individual zones 
that were electrically isolated from each other to 
permit measuring the individual flow of current 
through these zones.

At the very center of the upper steel mesh, a 
small plain carbon steel disc was fixed (Fig. 1). The 
circular disc was embedded in an isolating epoxy 
adhesive to electrically isolate it from the stainless 
steel mesh; the exposed surface area was 1 cm2. 
In the pH neutral solutions, this carbon steel disc 
corroded actively and was thus used to simulate a 
local anode.

2.2 Methods and measurements

All zones of the stainless steel meshes and the plain 
carbon steel disc were electrically connected by 

copper wires. A macro-cell situation was established 
by short-circuiting these. Additionally, the currents 
flowing in the macro-cell and to the different cathodic 
steel mesh zones were recorded with data loggers.

Reference electrodes were positioned at differ-
ent locations in the aqueous solution to measure 
the potential of the macro-cell. In contrast to con-
crete, where only the outer surface is accessible, the 
solution permitted positioning some of the refer-
ence electrodes close to the steel mesh.

A variety of counter electrode geometries (shape, 
size) were tested. These consisted of stainless steel 
and they were placed on the upper level of the aque-
ous solution to simulate the practical situation of a 
counter electrode being placed on the concrete sur-
face. In the scope of the present paper, the counter 
electrode was cylindrical with an outer diameter of 
25 mm. In its center, a small hole permitted position-
ing a reference electrode on the solution surface.

The macro-cell—i.e. all steel mesh zones and 
the supposed anode disc short-circuited—was 
polarized by injecting a given constant current 
from the counter electrode with help of a labora-
tory galvanostat/potentiostat. During this exter-
nal polarization, the potential of the macro-cell 
was simultaneously measured vs. the reference 
electrodes being present at different locations. 
Additionally, the fractions of polarization current 
flowing through the different zones of the macro-
cell were recorded. All measurements included the 
time-evolution during polarization.

3 THE LINEAR POLARIZATION 
RESISTANCE (LPR) METHOD

3.1 Theory

The linear polarization resistance method relies on 
the Stern-Geary equation (Stern and Geary, 1957, 
Stern and Weisert, 1959) that states an inverse pro-
portionality between the corrosion current, Icor, 
and the so-called polarization resistance Rp:

I B
RcoI r

pR
=

 
(1)

While B can here be regarded as a constant, the 
polarization resistance is defined as the slope of 
the potential-current relationship in close vicinity 
of the corrosion potential, Ecor, where this curve is 
approximately linear (Fig. 2). Thus, Rp = ΔE / ΔI. 
The polarization resistance can experimentally be 
determined by imposing a current ΔI and measur-
ing the resulting shift in potential ΔE, or vice versa. 
A requirement for the Stern-Geary equation to hold 
is that the excursion from the corrosion potential is 
limited and does not leave the quasi-linear range 

Figure 1. Schematic setup simulating a reinforced con-
crete slab with a small anode and a large cathodic mesh 
forming a macro-cell. Electrical resistivity of solution = 
240 Ohm m.
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of the current-potential curve. Typically, this is in 
the order of 10–15 mV.

Equation (1) was derived on the basis of the so-
called mixed potential theory, which was postulated 
in the first half  of the last century by Wagner and 
Traud (Wagner and Traud, 1938). One fundamen-
tal aspect of the mixed potential theory is that the 
corrosion morphology is uniform, i.e. it is assumed 
that cathodic and anodic partial reactions occur at 
microscopically small locations that are uniformly 
and randomly (with time) distributed across the 
metal surface. This assumption permitted to estab-
lish the concept of the mixed potential that corre-
sponds to the corrosion potential Ecor in Fig. 2, to 
which both the anodic half-cell and the cathodic 
half-cell are polarized in the corrosion process. It is 
worth mentioning that due to the negligibly small 
ohmic drop in the electrolyte, anodic and cathodic 
sites are at the very same potential, Ecor.

This potential can be measured with a refer-
ence electrode and an important aspect is that the 
position of the reference electrode with respect to 
the uniformly corroding metal does not affect the 
measured value. Wagner and Traud also postulated 
that cathodic and anodic partial reactions can be 
superimposed, i.e. that their respective current 
densities at a given potential can be summed. The 
consequence of this is that a total current-potential 
curve exists (dashed line in Fig. 2), which crosses 
the potential axis at Ecor, thus the net current at the 
mixed potential is zero.

3.2 The question of applicability in case of 
localized corrosion

In many practical situations, the corrosion mor-
phology is not uniform. This is particularly true 
for chloride-induced reinforcement corrosion in 

concrete, where local anodes (corrosion pits) inter-
act galvanically with typically much larger cathodic 
zones (Bertolini et al., 2004). Owing to the large 
area ratio cathode:anode, high rates of local loss of 
steel cross section may occur. Being able to quantify 
these is essential—both for research and practice.

Figure 3 shows a schematic illustration of so-
called macro-cell corrosion. The term macro-cell is 
common to describe localized corrosion in concrete 
(Raupach, 1992). It indicates that the galvanic cell 
formed between the anode (pit) and the cathode is 
macroscopic, i.e. that the distances may be up to 
several decimeters (Brem, 2004).

Due to the finite conductivity of the electrolyte 
(the alkaline solution in the pore system of the con-
crete), the ohmic drop in the galvanic cell is not negli-
gible and thus anodic and cathodic sites have different 
potentials. The direct consequence of this is that a 
well-defined, unique mixed potential in the sense of 
the theory by Wagner and Traud and as shown in 
Fig. 2 does for the case of macro-cell corrosion—or 
localized corrosion in general—not exist.

The flow of macro-cell current in the electrolyte 
is in Fig. 3 schematically shown by arrows. Along 
these current field lines, the potential in the electro-
lyte decreases from the anode towards the cathode. 
If  the reinforcement steel bar is connected to a volt-
meter and the potential is measured versus a refer-
ence electrode placed somewhere in the electrolyte 
(for instance at the concrete surface, indicated 
by the dashed line A-A in Fig. 3), the recorded 

Figure 2. Current-potential relationship of uniform 
corrosion, which forms the basis of the mixed potential 
theory and thus the LPR method.

Figure 3. a) Schematic illustration of macro-cell corro-
sion, arrows = current field lines; b) apparent steel poten-
tial vs. a reference electrode positioned along the three 
sections A, B, and C indicated in Fig. 3a.
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potential depends on the position of the reference 
electrode. The closer the reference electrode is posi-
tioned to the anodic site, the more negative will the 
recorded potential (with respect to the reference 
electrode) become. This is schematically shown in 
Fig. 3b. In fact, this effect of the location of the ref-
erence electrode on the measured potential forms 
the basis of the classical understanding of poten-
tial measurements in concrete as a well-established, 
non-destructive method to locate corroding areas 
(Elsener et al., 2003, Schiegg et al., 2007).

To sum up, the following critical points are given 
in localized corrosion situations:

1. A mixed potential according to the theory of 
Wagner and Traud does in macro-cell corrosion 
not exist.

2. Instead, the potential of the reinforcement 
steel bar measured vs. a reference electrode 
depends strongly on the position of the reference 
electrode.

This implies that upon polarization of the macro-
cell from an external counter electrode (no matter 
where this counter electrode is located), any change 
in potential that can be recorded, ΔE, is dependent 
on the location of the reference electrode.

This is apparent from the experimental meas-
urement results shown in Fig. 4. The macro-cell 
shown in Fig. 1 was polarized with a galvanos-
tatic current pulse (60 μA) and the potential was 
recorded over time with two reference electrodes. 
With the reference electrode that was situated 
directly above the anode (in the center of the circu-
lar counter electrode), a clear transient was regis-
tered and a steady-state polarization ΔE of  approx. 
30 mV became apparent. With the reference elec-
trode somewhat distant from the counter electrode 
(here 20 cm lateral distance), i.e. positioned above 
the cathodic reinforcement steel mesh, only a 
small polarization, ΔE, below 5 mV was recorded. 
In principle, this observation is not surprising, 
because the polarization current densities reaching 
the steel at these two locations is also different, i.e. 
it is lower, the larger the distance to the counter 
electrode (see section 5).

Nevertheless, the essential question now is: 
which of the two ΔE is the correct one? Since 
Rp = ΔE / ΔI, also the polarization resistance is a 
function of the position of the reference electrode. 
The difficulty is that there exists no correct position 
for the reference electrode in such a situation and 
as a result, there is no correct ΔE to be used for 
computing Rp. Any value depends largely on the 
position of the reference electrode and there is no 
fundamentally sound way to argue that a certain 
position of the reference electrode, for instance as 
close to the anode as possible, is the correct one.

These considerations render the application 
of the Stern-Geary relationship according to eq. 
(1) in order to derive the corrosion current highly 
questionable. Fact is, that owing to the absence of 
a well-defined, unique mixed potential, the Stern-
Geary relationship is in the case of macro-cell cor-
rosion fundamentally not valid.

3.3 Experience

Nevertheless, several laboratory investigations 
have shown a certain agreement between the LPR 
method and other corrosion rate measurements.

In the late 1970s, Andrade and González per-
formed a comparison between gravimetric weight 
loss measurements and the LPR method (poten-
tiodynamic scans, no corrections for IR drop 
made) on small mortar specimens without and 
with mixed-in chlorides and concluded that there 
was adequate agreement between these techniques 
(Andrade and González, 1978). The LPR method 
was reported to underestimate the corrosion rate 
by a factor of max. 2–3; the proportionality factor 
B in eq. (1) was suggested to be 26 mV for actively 
corroding steel.

A similar study comparing gravimetric meas-
urements with the LPR method was reported by 
(Law et al., 2004). Reinforced mortar specimens 
were exposed to chloride ingress (and some to 
accelerated carbonation) and instantaneous cor-
rosion rates were frequently measured with the 
LPR method (potentiostatic mode, equilibrium 
time = 30 s, IR drop corrections made manu-
ally) and integrated over time. The constant B 
was assumed at 25 mV for actively corroding 
steel. In this work, the LPR method was found 
to overestimate the gravimetric weight loss by a 
factor of  typically 1.5–3, in extreme cases by a 
factor of  5.

Figure 4. Potential transients during galvanostatic 
polarization of the macro-cell shown in Fig. 1, recorded 
with Reference Electrodes (RE) positioned at two differ-
ent locations (initial IR jump removed).
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Liu and Weyers used two different instruments 
to determine corrosion rates once a month over a 
period of 5 years in roughly 1 m2 large reinforced 
concrete slabs, contaminated with mixed-in chlo-
rides and stored outdoors (Liu and Weyers, 2003). 
At the end, gravimetric metal loss measurements 
were performed and compared to the electrochem-
ical measurements (integrated over time). The two 
devices employed both the LPR method, one with 
and one without a guard ring. Unfortunately, lim-
ited details were given with respect to the meas-
urement procedure, but apparently, both devices 
used potentiodynamic linear polarization, but 
there were significant differences e.g. with respect 
to the geometry and B values used. Nevertheless, 
the results obtained with these methods showed 
that the instrument with the guard ring underesti-
mated the (gravimetric) corrosion rate by a factor 
of 5, while the method without guard ring led to an 
overestimation by a factor of approx. 3.

Nygaard et al. compared two commercial instru-
ments (Nygaard et al., 2009). Reinforced concrete 
slabs were manufactured with different levels of 
mixed-in chlorides. The concrete specimens con-
tained segmented steel bars that permitted meas-
uring current densities before and during external 
polarization on all individual segments. This 
allowed to quantify the macro-cell corrosion cur-
rent, which was then compared to the results of the 
LPR method. Both instruments include a guard 
ring for current confinement (compare section 5). 
It was concluded that for localized, i.e. macro-cell, 
corrosion the two devices underestimated the true 
corrosion rate roughly by a factor of 2–10.

To sum up, different procedures for obtaining 
the polarization resistance were used in differ-
ent studies, and also different constants B were 
assumed when applying the Stern-Geary equation. 
Whereas some of the authors concluded that the 
LPR method underestimates the true corrosion 
rate, by factors ranging from 2 to 10, other authors 
concluded that the LPR method overestimates 
the true corrosion rate, by factors ranging from 
1.5 to 5. Naturally, part of this variability may be 
explained by the different experimental parameters 
in these different studies. Nevertheless, there seems 
to be some general agreement in the literature that 
the LPR method is in principle feasible to deter-
mine corrosion rates of macro-cell corrosion in 
concrete.

4 THEORETICAL DISCREPANCY VS. 
PRACTICAL APPLICABILITY

Application of the LPR method to macro-cell 
corrosion can from a theoretical viewpoint not be 
justified (as explained in section 3.2). Nevertheless, 

there seems to be some sort of practical applicabil-
ity of the method (as apparent from experimental 
studies summarized in section 3.3). One may thus 
conclude that despite the fundamental difficulties 
with the method for the case of localized corrosion, 
an inversely proportional relationship between the 
corrosion rate and an apparent “polarization resist-
ance” can still be observed. It is, however, impor-
tant to note that due to the absence of theoretical 
grounds, this relationship is entirely empirical.

In a recent publication by the present authors, 
experimental measurements and theoretical con-
siderations allowed to explain the reasons for 
this empirical agreement (Angst and Büchler, (in 
press)). This can be illustrated by assuming that 
the reference electrode can be placed in close adja-
cency of the anodic site (e.g. in the pit). Upon 
application of an external polarization current, a 
certain fraction of this current will flow through 
the anode and a certain fraction will flow through 
the cathode. The relative fractions depend on the 
position of the counter electrode and on the dis-
tribution of ohmic resistances in the electrolyte 
and at the metal/electrolyte interfaces. Assuming 
that the fraction of polarization current flowing 
through the anode is known, ΔIA, and that the 
reference electrode permits recording the polariza-
tion of the anodic half-cell alone, ΔEA, (i.e. its true 
potential rather than a position-dependent one in 
the electric field somewhere in the electrolyte), the 
corrosion current can be calculated with an equa-
tion derived in (Angst and Büchler, (in press)):

I I
EcoI r

A AI

AE
= ⋅
β
2 3.

Δ
Δ  

(2)

This equation is similar but not identical with 
the Stern-Geary expression. Given that the corro-
sion process is under activation control and that 
the Tafel slope of the anodic partial reaction, βA, is 
known, eq. (2) permits a fundamentally correct cal-
culation of the corrosion current, Icor. Analogously, 
an equation can also be derived for the cathode.

Nevertheless, the parameters ΔIA and ΔEA are 
usually not measureable for practical reasons. The 
polarization current flowing through the anode 
cannot be measured because the anodic site is in 
direct electrical contact with the cathodic metal. 
The true polarization of the anode cannot be 
measured because it is impossible to position the 
reference electrode in close proximity of the anodic 
site. In a setup such as the one shown in Fig. 1, 
however, this is possible.

Examining eq. (2), the second part, ΔIA / ΔEA, 
may be regarded as the inverse of a polarization 
resistance of the anode alone. It was in (Angst and 
Büchler, (in press)) with help of experimental data 
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shown that although the correct equation (2) and 
the fundamentally inapplicable equation (1) are 
different, they may under certain conditions yield 
similar results. The explanation for this is that in 
eq. (1) both the denominator (Rp) and the numera-
tor (B) are in measurements underestimated so 
that these two errors have a certain compensating 
effect. In other words, although the Stern-Geary 
equation is in the case of macro-cell corrosion 
fundamentally not valid, two compensating errors 
cause the result to be close to the correct one. The 
extent to which this is possible, is however strongly 
dependent on the conditions, such as the geometri-
cal configuration, the kinetics of the partial reac-
tions, etc. Nevertheless, these considerations are 
able to explain why despite the fundamental inap-
plicability of the Stern-Geary equation, practical 
experience as described in section 3.3 revealed a 
certain “apparent applicability”.

5 THE ISSUE OF “CURRENT 
CONFINEMENT”

5.1 The question of the polarized area

One of the problems with localized corrosion, as 
opposed to uniform corrosion, is that the area 
where iron dissolution occurs (the anodic area), 
does not correspond to the reinforcement steel 
area. Equation (1) yields a current, Icor, rather 
than a current density. In order to quantify the 
corrosion rate, e.g. in terms of sectional loss over 
time, the area A of  the anodic site(s) needs to be 
known. Only this permits conversion of Icor to a 
current density, i.e. icor = Icor / A. This area is usually 
unknown.

Another difficulty is that when a relatively small 
counter electrode is used to polarize reinforce-
ment steel of almost infinite lateral dimensions, 
the polarization current spreads out laterally and 
decreases with distance from the counter electrode. 
This was early recognized and treated e.g. by (Feliu 
et al., 1988). Many attempts have since been made 
to confine the flow of the polarization current in 
the concrete, e.g. reported in (Feliu et al., 1990, Liu 
and Weyers, 2003, Wojtas, 2004, Nygaard et al., 
2009). These approaches include the use of a so-
called guard ring, positioned around the counter 
electrode, which is claimed to force the polariza-
tion current injected from the counter electrode to 
flow directly between the counter electrode and the 
reinforcement steel bar rather than to spread out 
laterally. However, the benefit of guard rings has 
long been disputed in the literature (see e.g. (Nyg-
aard, 2008)).

The general motivation for current confinement 
approaches is to control—and thus to know—the 

area, which is polarized during the measurement. 
In this context, is important to mention that the 
area of the anodic sites is in macro-cell corro-
sion never the same as the corroding area. In fact, 
the corrosion process includes both anodic and 
cathodic partial reactions and although they may 
occur on different metal surfaces, they both belong 
inherently to the corrosion process. A second 
potential misconception about the LPR method 
is that the polarized area should ideally be identi-
cal with the anodic zone. Remember that the LPR 
method is based on polarizing the superposition 
of the cathodic and the anodic partial reactions, 
i.e. moving along the total current-potential curve 
(dashed line in Fig. 2), which becomes quasi-linear 
close to Ecor. Even if  all polarization current flew 
exclusively through the anodic zone, the Stern-
Geary equation would still not yield the correct 
corrosion current.

5.2 The question of self-confinement

The conceptual reasoning of forcing the polari-
zation current to a defined area of the reinforce-
ment steel assumes that i) it is actually possible to 
limit the area subject to the measurement, and ii) 
that this eliminates one of the main short-com-
ings of applying the LPR method to macro-cell 
corrosion.

However, the polarization current cannot be 
forced to a certain steel area, but it finds its way 
according to the resistances in the system. This 
includes both ohmic resistances in the electrolyte, 
determined by geometrical factors such as distance 
and conductivity, and charge transfer resistances 
at the metal/concrete interface. For a more detailed 
discussion in this regard, it is referred to (Nygaard, 
2008, Nygaard et al., 2009, Angst and Büchler, (in 
press)).

A number of studies were performed with set-
ups including segmented rebars or separated zones 
of steel surface that allowed measuring the distri-
bution of polarization current within the macro-
cell (Elsener, 2002, Nygaard, 2008, Nygaard et 
al., 2009, Angst and Büchler, (in press), Angst 
and Büchler, 2015). There is a general agreement 
that in typical setups where the counter electrode 
is relatively small and close to the anode, the cur-
rent density reached at the anode during polariza-
tion is much higher than at the cathode. This led 
to the so-called concept of “self-confinement”, in 
which the mentioned distribution of current den-
sities is interpreted in the sense that most of the 
polarization current flows through the anode “due 
to its lower polarization resistance”. However, this 
view ignores that typically, the area of the cathodic 
zones is considerably larger than at the anode. In 
fact, the data reported in (Elsener, 2002, Nygaard, 
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2008, Nygaard et al., 2009, Angst and Büchler, (in 
press), Angst and Büchler, 2015) reveals in good 
agreement that the total current—as opposed to 
current density—flowing through the anode is typ-
ically smaller than the current flowing through the 
cathode. This can be explained by the much larger 
surface area of the cathode.

This is apparent from the experimental measure-
ment results plotted in Fig. 5 that shows the fraction 
of the applied polarization current that was passed 
through the anode (no guard rings used). Even if  
the counter electrode was positioned directly above 
the anode, not more than 35% of the applied cur-
rent reached the anode. If  the counter electrode 
was positioned slightly laterally distant from the 
anode, this figure decreased to below 10%.

To conclude, in most geometrical configurations 
of practical relevance, the applied polarization cur-
rent is predominantly passed through the cathodic 
rather than the anodic steel surfaces. This should, 
however, not be considered as a problem. In fact, it 
is one of the causes giving rise to the error appear-
ing in the denominator of eq. (1) and finally lead-
ing to an “error compensating effect” and thus an 
“apparent applicability” of the LPR method to 
macro-cell corrosion, as discussed in section 4.

6 CONCLUSIONS

From theoretical considerations and selected 
experimental results, the following major conclu-
sions can be drawn:

– Owing to the absence of a well-defined mixed 
potential according to Wagner and Traud, the 
Stern-Geary relationship and thus the LPR 
method is in the case of macro-cell corrosion 
fundamentally not valid.

– Upon polarization of a macro-cell, any recorded 
change in potential, ΔE, depends strongly on the 
position of the reference electrode. Since there 
exists no correct reference electrode position, any 
measured value of ΔE, and thus the polarization 
resistance, becomes arbitrary.

– Despite this fundamental difficulty with the LPR 
method, literature results indicate that there 
exists still an inversely proportional relationship 
between the corrosion rate and the “apparent 
polarization resistance”. Due to the absence of 
theoretical grounds, however, this relationship 
must be regarded as entirely empirical.

– Experimental results of the current distribution 
between cathodic and anodic parts of a macro-
cell during external polarization indicated that 
the polarization current flows predominantly 
through the cathodic metal surfaces. It has in the 
past been attempted to counteract this by “cur-
rent confinement” and “guard ring” approaches. 
However, it was in this paper discussed that the 
lateral current spread-out should not be consid-
ered as a problem, but that it is in fact one of the 
reasons for the empirical “apparent applicability” 
of the LPR method to macro-cell corrosion.

– Finally, further research work should concen-
trate on characterizing in more detail the con-
ditions (e.g. geometrical configurations) under 
which the empirical relationship between cor-
rosion rate and apparent polarization resistance 
still holds. Alternatively, successful research 
attempts to develop a measurement method for 
macro-cell corrosion rates that eliminates the 
shortcomings of the LPR method, e.g. by avoid-
ing the need to rely on the Stern-Geary relation-
ship, would present a major advance for science 
and engineering.
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ABSTRACT: This paper presents a probabilistic approach to estimating the residual service life of 
concrete structural elements after repair. In particular, the presence of a residual contamination in the 
remaining concrete layer and how the redistribution of the residual chlorides affects the determination 
of the service life are considered. The approach presented in this paper has been validated with the aid of 
analytical calculations and numerical investigations.

chlorides or to what extent it may still be contami-
nated with chlorides and how the residual contam-
ination will affect the residual service life of the 
concrete structural element after repair (i.e. after 
the concrete cover has been partially removed and 
replaced with a repair material).

As shown in Figure 1, the residual chloride gra-
dient will be redistributed through both the new 
layer and the remaining layer over time. The chlo-
ride concentration at the rebar surface changes as a 
result and may at times exceed the initial value (even 
without the additional ingress of external chlo-
rides). If  the repaired structural element is again 
exposed to chlorides, the residual contamination 

1 INTRODUCTION

A large proportion of the activities in the construc-
tion sector concern existing structures. Numerous 
existing reinforced concrete structures have aged in 
the course of time and the functionality and even 
the loadbearing capacity of those that have been 
subject to high stress have been impaired. Con-
cepts for estimating the residual service life are 
needed to enable existing structures to be assessed. 
If  the residual service life calculated with the aid of 
such concepts is too low and repairs are necessary, 
it needs to be asked to what the extent the repairs 
extend the service life of the structure concerned. 
Instruments for estimating the residual service 
life prior to repair and subsequently assessing 
the post-repair durability are not available at the 
present time.

A traditional and feasible repair measure is the 
application of  cement-based repair mortars or 
concretes. Depending on the depth of  chloride 
penetration and the chloride concentration in the 
structural element, the concrete cover is removed 
either partially or completely, as are deeper 
areas behind the reinforcement if  necessary, and 
replaced with repair material. The objective of 
such repairs is either to maintain passivity or 
repassivate the reinforcing steel as well as enhance 
the resistance of  the element to further chloride 
penetration.

Partial removal of the concrete cover may be 
appropriate for economic, execution—or construc-
tion-related reasons or also as a preventive meas-
ure etc. In such cases, it must be asked whether 
the remaining concrete layer has to be free from 

Figure 1. Chloride ingress and redistribution in a 
repaired concrete element (2-layer system) with residual 
chlorides.
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will generally result in the chloride content at 
which corrosion is initiated being exceeded at the 
rebar surface at an earlier point in time.

With the aid of  a pragmatic approach and 
numerical investigations, boundary conditions 
for the residual chloride gradient were specified 
in Rahimi et al. (2015). These are the conditions 
that need to be satisfied if  depassivation of  the 
reinforcing steel owing to the redistribution of  the 
residual chlorides in the remaining concrete layer 
is to be prevented. (Depassivation occurs when 
the critical chloride content Ccrit, at which corro-
sion is initiated, is reached at the rebar surface). In 
this case, the ingress of  external chlorides is ruled 
out. The boundary conditions concerned are as 
follows:

1. The maximum residual chloride content must 
not exceed 2.0% by weight of binder.

2. There should be a distance of at least 10 mm 
between the surface of the reinforcing steel and 
the depth at which the critical chloride content 
Ccrit, at which corrosion is initiated, is reached.

Adopting a conservative approach, the favour-
able effect of the age of the structural element at 
the time of the repair measure on the chloride pen-
etration resistance of the remaining concrete was 
not taken into account and any possible extraction 
of the residual chlorides by capillary suction and 
by being washed out of the new, fresh repair layer 
was disregarded.

The two criteria mentioned above therefore 
need to be considered when specifying the mini-
mum depth to which the concrete cover has to be 
removed. When calculating the residual service 
life of structural elements repaired in this way, the 
chloride transport in a 2-layer concrete cover and 
the redistribution of the residual chloride gradient 
also need to be taken into consideration.

An approach for estimating the residual service 
life of repaired structural elements with residual 
contamination was presented in Rahimi et al. 
(2014.01) (see also section 3.2) and was based on 
the calculation of the service life of new structures. 
However, the chloride content at the rebar surface 
was the only element of the residual contamination 
that was taken into consideration. The chloride 
gradient and its redistribution were disregarded. In 
this paper, it is first discussed whether, and if  so to 
what extent, disregarding the chloride redistribu-
tion affects the estimation of the residual service 
life of concrete structural elements.

To facilitate understanding of the paper, the 
methodology of the performance-based probabi-
listic service life design of new structures is briefly 
explained first (section 2) as it will be referred to 
later on in this paper when its application to exist-
ing structures is discussed.

2 SERVICE LIFE DESIGN OF NEW 
CONCRETE STRUCTURES

In order to satisfy the requirements for the dura-
bility of concrete structures the deemed-to-satisfy 
provisions, which are based on practical experience, 
have to be complied with. These rules are given in 
current standards and guidelines. Performance-
based probabilistic design models are being devel-
oped as a contrast to the prescriptive methodology 
of standards. The “fib Model Code for Service Life 
Design, fib Bulletin 34 (2006)” and later “fib Model 
Code for Concrete Structures (2010)” as well as 
ISO 16204:2012 present a full probabilistic concept 
for the service life design of uncracked concrete 
structures for the case of chloride-induced corro-
sion. The concept is based on the following:

• definition of limit states
• models that are able to describe the time-depend-

ent transport and deterioration mechanisms
• statistical definition of actions
• measurement and statistical quantification of 

structural element resistances
• assumed permissible failure probabilities

The limit state is determined by the initiation 
of reinforcement corrosion and reached when a 
critical chloride content is exceeded at the rebar 
surface, disrupting the passive layer protecting the 
rebar. At the end of the initiation period, no corro-
sion-induced deterioration will yet have occurred 
in the structure. High corrosion rates are observed 
in marine environments in general so that the dete-
rioration period is comparatively short. Moreover, 
there is as yet no commonly used model to describe 
the mechanism of reinforcement corrosion and its 
effect on structures. Therefore, the deterioration 
period is disregarded in this concept and the serv-
ice life is considered as the initiation period.

To assess the initiation period, a mathematical 
model, equation (1), is used to estimate the time—
and depth-dependent chloride concentration 
C(x,t) in the concrete based on the error function 
solution of Fick’s second law of diffusion in its 
one-dimensional form:

C t C C
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(1)

where C0 is the initial chloride content (wt.-%/c), 
CS,0 is the chloride content at the surface (wt.-%/c), 
erf  stands for error function, x is the depth with a 
corresponding content of chlorides C(x, t) (mm), 
t is the time (years), ke is the environmental variable 
(–) and Dapp(t) is the apparent chloride diffusion 
coefficient at time t (m2/s).
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It can be concluded that the rate at which chlo-
rides penetrate concrete is governed by the diffusiv-
ity of the concrete (material) and the concentration 
of the chloride load (environment).

This diffusion-controlled assessment of chlo-
ride ingress is only a simplification since other 
transport mechanisms are involved in the chloride 
ingression into concrete, in particular capillary 
absorption and permeation. However, in structures 
with concrete cover depths greater than approx. 
30 mm, diffusion becomes the most effective and 
important mechanism with regard to the initiation 
of corrosion in concrete structures.

The transfer parameter ke is introduced in order 
to take the impact of the external temperature Treal 
on the diffusion rate of chlorides into account, 
simplifying the calculations by using the Arrhenius 
equation as follows:

k b
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(2)

where be is the temperature coefficient (K), Tref is 
the reference temperature (for laboratory tests) (K) 
and Treal is the temperature of the structural ele-
ment or the ambient air (K).

The apparent chloride diffusion coefficient 
Dapp(t), which represents the material resistance 
from t0 to t as a constant, is subject to consider-
able scatter and tends to decrease with increasing 
exposure time. This implies that Dapp(t2) < Dapp(t1) 
with t2 > t1. Dapp(t) is usually determined through 
the “chloride profiling method” described in 
NT BUILD 443:1995 and CEN/TS 12390-11:2010. 
Chloride profiles can either be taken from existing 
structures or from test samples stored under condi-
tions similar to those expected in practice. As this 
method is both very time-consuming and costly, 
a simplified approach for determining Dapp(t) is 
introduced in “fib Model Code for Service Life 
Design, fib Bulletin 34 (2006)”. In this approach, 
Dapp(t) is calculated as follows:

D D t
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(3)

where DRCM(t0) is the chloride migration coef-
ficient at the reference point of time (m2/s), t0 is 
the reference point of time (s) and α is the ageing 
exponent (–) and introduces the decrease of Dapp(t) 
over time.

DRCM(t0) is simply determined by the Rapid 
Chloride Migration (RCM) test method 
(NT Build 492 1999, BAW Code of Practice MCL 
2012). In this approach, the RCM test replaces the 
costly diffusion test. The condition for adopting 

this approach is, however, that considerable field 
data for concretes similar to the design concrete is 
available to enable the ageing exponent α, i.e. the 
decrease of Dapp(t) over time, to be estimated.

Although the ageing exponent is dependent on 
the exposure conditions, binders have character-
istic ageing exponents. Gehlen (2000) quantified 
the ageing exponent of  concretes consisting of 
three different types of  cement. Detailed expla-
nations of  this approach and recommended val-
ues for ageing exponent are published in Gehlen 
(2000), fib Bulletin 34 (2006) and Rahimi et al. 
(2014.09).

The limit state equation is obtained by compar-
ing the chloride content in the concrete cover (posi-
tion of rebars) calculated at the time t, i.e. C(x=dc, 
t), and the critical chloride content Ccrit (eq. (4)).

t CcritC CC d t( ,X ) ( ,CdC )−  (4)

Although only free chloride ions that have dis-
solved in the pore solution of the concrete result 
in depassivation of the reinforcement, the overall 
chloride content is included in the model as it is 
difficult to determine the free chloride content 
in the concrete. The critical chloride content Ccrit 
has to be quantified statistically and inserted into 
the model. Some stochastic values for the input 
parameters are recommended in fib Bulletin 34 
(2006) (see also Table 1). A reliability analysis is 
performed using the limit state equation (4) and 
by specifying a minimum reliability index β. There 
is a correlation between the reliability index β and 
the probability of failure pf. EN 1990:2002 and 
ISO 2394:1998 give recommendations for the reli-
ability index for serviceability limit states depend-
ing on the expense and effort required to reduce 
risk from β = 0 to β = 1.5.

The diagram in Figure 2 is an example of a reli-
ability analysis used to predict the service life of 

Table 1. Input parameters for the reliability analysis in 
Figure 2.

Parameter Distribution & values

DRCM(t0) [.10−12 m2/s] ND (10.0/2.0)
t0 [s] constant 2,419,200 (28 d)
ageing factor α [–] βD (0.30/0.12/0/1)
Tref [K] constant 273
Treal [K] ND (283/5)
be [K] ND (4800/700)
dc [mm] ND (60/6)
CS,0 [wt.-%/c] LND (3.0/1.4)
CCrit [wt.-%/c] βD (0.60/0.15/0.2/2)
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a structural element (CEM I (Portland cement), 
w/c = 0.45, dc = 60 mm). A target reliability index 
of β = 1.5 (pf = 6.7%) is expected only after a 9-year 
period of exposure to a marine environment (sub-
merged), confirming that concretes made with 
Portland cement are unsuitable for use in condi-
tions in which they are exposed to chlorides. The 
input parameters are illustrated in Table 1. The 
reliability analysis was performed using the STRU-
REL program.

This model is applied during the design stage 
of new structures by inserting input parameters of 
the material properties, of the cover depth and of 
actions into equation (1).

The model for service life design of (new) con-
crete structures for chloride-induced depassivation 
of the reinforcing steel has only been described 
here to the extent that is necessary to understand 
the discussion of the repair of concrete structural 
elements later on in this paper (sections 3 and 4). 
The principle of probabilistic service life design has 
been explained in detail in fib bulletin 34 (2006) 
and Gehlen (2000), for example.

The model can also be used to assess the dura-
bility of existing structures and to predict their 
residual service life by determining the current 
material properties and the actual actions statisti-
cally and inserting them into the model. However, 
some modifications are required in order to model 
the residual service life design after a repair meas-
ure, e.g. application of repair mortars since the 
chloride ingress model first has to be adapted to 
a 2-layer model in which both the repair layer and 
the remaining concrete layer are considered. The 
possible effect of the redistribution of the residual 
chlorides on the service life has to be considered 
in particular where the remaining concrete layer 
contains residual chlorides, which is the subject of 
this paper.

3 SERVICE LIFE DESIGN OF REPAIRED 
CONCRETE MEMBERS CONTAINING 
RESIDUAL CHLORIDES

3.1 Mathematical description of chloride 
transport in 2-layer systems

The chloride transport in a concrete structural ele-
ment can be described mathematically as follows 
for cases in which the concrete cover is partially 
removed and replaced with a repair material and 
if  the remaining concrete does not contain any 
residual chlorides:
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where Dapp,new(t) and Dapp,remain(t) are the apparent 
chloride diffusion coefficients of the repair material 
and the remaining concrete respectively and dc,new 
is the thickness of the repair layer. The chloride 
concentration in the layer of repair material Cnew 
(x, t) is described using equation (5) and that of 
the remaining layer of concrete Cremain (x, t) using 
equation (6). The boundary conditions for the new 
layer are a constant surface chloride concentration 
(Cs,0 = const.) and an equilibrium concentration at 
the interface (Cnew (x = 0, t) = Cremain (x = 0, t)).

This mathematical formulation is based on the 
diffusion equation for semi-finite composite media 
developed by Carslaw & Jaeger (1959) and Crank 
(1975) which has been modified to fit the model 
for new structures, i.e. 1-layer systems (eq. (1)).

Any interfacial resistance at the repair material/
concrete layer interface is disregarded here. The 
interfacial resistance can be caused by the inco-
herence of the pore structure of the two materi-
als (pore blocking) and by the high proportion 
of impermeable aggregates in both layers. In this 
case, the boundary condition of the equilibrium 
concentration at the interface is not satisfied in the 

Figure 2. Development of reliability index and prob-
ability of chloride-induced depassivation of reinforcing 
steel over time of a marine structural element.
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above approach and the chloride transport is mod-
elled using other, similar mathematical equations 
(Crank 1975).

In cases in which the remaining concrete layer 
contains residual chlorides, these will be redis-
tributed in both layers, as shown in Figure 1. The 
redistribution of the residual chlorides cannot be 
described mathematically by the error function 
solution of Fick’s second law of diffusion as the 
required boundary condition of a constant con-
centration at the phase boundary, ∂Cs/∂t = 0, no 
longer applies. The corresponding convolution 
integral, assuming that the apparent chloride dif-
fusion coefficient D is the same for both layers and 
the residual chloride profile follows Fick’s law of 
diffusion, is shown in equation (9). The integral 
does not provide a closed-form solution, i.e. it 
cannot be expressed as a finite number of known 
functions.

C
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The interval x to ⊥ indicates the boundaries of 
the remaining concrete layer, Cs,0 is the residual 
chloride content at the interface.

In this case, it is not possible to model the chlo-
ride transport in the element mathematically in a 
way that is generally valid.

3.2 Hypothetical approach

One of the most important preconditions for pre-
dicting the service life of a structure is the avail-
ability of mathematical models to describe the 
relevant transport and/or deterioration mecha-
nisms (see section 2). As explained in the previous 
section, there is no mathematical formulation for 
the chloride transport in repaired concrete struc-
tural elements containing residual chlorides. Nev-
ertheless, a simplified approach to estimating the 
residual service life of such repaired elements is 
presented below.

The mathematical model used is the diffusion 
equation proposed by Carslaw & Jaeger (1959) 
(eq. (5) and (6)). The residual chloride content at 
the surface of the reinforcement Cr is determined/
specified. The limit state is taken to be the point at 
which a chloride content defined as the difference 
between the critical chloride content and the resid-
ual chloride content (Ccrit − Cr) is reached at the 
surface of the reinforcement due to the ingress of 
external chloride ions. The gradient of the residual 
chloride profile and its redistribution are not taken 
into account. The procedure described above is 
illustrated in Figure 3.

The limit state equation for the reliability analy-
sis is, by analogy to the 1-layer system (eq. 4), as 
follows:

t C C d dctirC r cCC d new cd remain( ,X ) ( ) (CC , )t, ,new c−C dd(CC  (10)

where dc,new and dc,remain are the thickness of the (new) 
repair layer and that of the remaining concrete 
layer between the surface of the reinforcing steel 
and the repair layer respectively.

Figure 3. Schematic representation of the chloride 
profiles in a concrete structural element before and after 
repair.
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Using this approach, a reliability analysis was 
performed for a typical 2-layer system comprising 
a 25 mm thick layer of repair material made of 
CEM III/A concrete (GGBS cement) and a 35 mm 
thick remaining layer made of CEM I (OPC) con-
crete (same case as in Figure 1, i.e. 25 mm of the 
concrete cover is removed and replaced with a 
repair material after approx. 20 years’ exposure). 
The gradient of the residual chlorides is shown in 
Figure 5 and the result of the reliability analysis 
in Figure 4. The residual chloride content at the 
surface of the reinforcement Cr is 0.29 wt.-%/c. By 
analogy to the 1-layer system, a beta distribution 
with a mean value of 0.6 wt.-%/c was assumed 
for the critical chloride content (cf. section 2, 
Table 1). By way of comparison, the case in which 
the remaining concrete layer does not contain any 
residual chlorides (Cr = 0) was also considered. 
The desired reliability index of β = 1.5 is achieved 
after 14 years (Cr = 0.29) and 23 years (Cr = 0) 
respectively.

In the next section it will be shown to what 
extent disregarding the redistribution of the resid-
ual chloride gradient affects the service life predic-
tion established using the introduced approach.

3.3 Actual consideration of the chloride 
redistribution in reliability analysis

Section 3.1 introduced a convolution integral for 
the mathematical description of the redistribution 
of the residual chloride gradient over time (eq. (9)). 
The integral only applies if  both the repair layer 
and the remaining concrete layer are made of the 
same material (Dapp,new = Dapp,remain). However, the 
integral does not provide a closed-form solution. 
A solution of this type can be approximated by the 
Rieman integral, for example.

Three case studies will now be considered. For 
each case, the residual service life after repair is 

calculated in two ways: once using the simplified 
approach (section 3.2) and once considering the 
redistribution of the residual chlorides by way of 
comparison. The residual chloride profiles and 
materials are shown in Figure 5. Each design 
case was calculated for the same type of action 
(submerged, Cs,0 = 3.0 wt.-%/c, Treal = 10°C). The 
formulation used to calculate the time—and depth-
dependent chloride concentrations for the design 
case with the residual chloride profile shown in 
Figure 5, where Cr = 0.18 (dashed line), and which 
was determined using the Rieman integral is as fol-
lows (generated by means of Maxima software):
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where D = Dapp(t).
It can be seen from the β-t runs in Figure 6 that 

the curves only differ significantly in the initial 

Figure 5. Residual chloride profiles for the calculations 
in Figure 6.

Figure 4. Development of reliability index over time. 
Prediction of the service life after repair using the simpli-
fied approach presented in this paper.
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phase (i.e. in the first few years after repair). The 
curves subsequently converge almost entirely, indi-
cating that the assumed approach delivers reliable 
results. The much lower initial reliability index in 
the detailed method (taking account of the chlo-
ride redistribution) is due to the significant initial 
reduction of the gradient of the residual chlorides 
which results in the chloride concentration close to 
the rebar surface already being increased before any 
significant ingress of external chlorides occurs.

The favourable effect of the age of the concrete 
structural element at the time of repair on the 
chloride penetration resistance of the remaining 
concrete is not taken into consideration in the cal-
culations to obtain conservative results. Based on 
this assumption, the uncertainty described above 
directly after repair (high reliability indices) was 
assumed to be negligible.

The results of the numerical investigations of the 
diffusion-controlled chloride transport in a 2-layer 
system used to validate the approach described 
here are presented in the following section.

3.4 Comparative numerical investigations

The chloride ingress and redistribution in a 2-layer 
system were investigated using the COMSOL Mul-
tiphysics® software. The chloride penetration was 
considered to be by diffusion only and described 
using Fick’s law. The mechanisms are modelled 
in the programme by means of differential equa-
tions and solved using the Finite Element Method 
(FEM). The calculations in this section are based 
on a mean value approach (deterministic), that is, 
β = 0.

First of all, the plausibility of applying the 
analytical approach to take account of the redis-
tribution of the residual chlorides with the aid of 
the Rieman integral (Section 3.3, Figure 6) was 
examined. The chloride profiles calculated with 

the aid of this integral as shown in Figure 6 are 
compared with the results of the FEM calculations 
in Figure 7. The time selected for each profile was 
the service life calculated for a reliability index of 
β = 0 (i.e. deterministic approach) in Figure 6. The 
results demonstrate a perfect correlation between 
the analytical and numerical calculations.

The chloride profile after 100 years is shown 
for the case in which a CEMIII/A material with a 
w/c = 0.55 is used although the reliability index at 
this time is still greater than zero (see Figure 6). It 
can also be seen from Figure 7 that Ccrit has not 
yet reached the rebar surface after a period of 100 
years.

The design case calculated using the simplified 
approach in Section 3.2, Figure 4, is examined 
numerically in Figure 8. The chloride profiles after 
5, 10, 50 and 105 years after repair were calculated 
numerically. The critical chloride content, taken 
as Ccrit = 0.60 wt.-%/c in the reliability analyses, is 
reached at the rebar surface after a period of 105 
years. This period of time, which is taken as the 
service life of the concrete structural element after 
repair, was calculated as 94 years when the sim-
plified approach was used (Figure 4, β = 0). This 

Figure 6. Prediction of service life after repair—Effect 
of the redistribution of the residual chlorides.

Figure 7. Chloride profiles in repaired elements. Com-
paring the analytical approach with FEM.

Figure 8. Chloride profiles over time in a repaired ele-
ment. Calculated by FEM.
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result shows that there is a very good correlation 
between the results of the simplified approach and 
those of the numerical calculations. The probabi-
listic approach presented in this paper thus ena-
bles the chloride transport to be described with a 
degree of accuracy that is sufficient to deliver reli-
able prognoses of the service life.

3.5 Application limits of the approach

In the approach presented here for estimating the 
residual service life of structural elements after 
repair, the residual chloride profile is only taken 
into account by considering the chloride concen-
tration at the rebar surface. Neither the gradient 
of the residual chlorides nor its redistribution is 
considered. This means that the approach does not 
apply to cases in which the residual chloride profile 
fails to reach the depth at which the rebar surface is 
located (cf. Figure 9).

One possibility of estimating the residual service 
life after repair in such cases is as follows. Assum-
ing a low residual chloride concentration at the 
rebar surface, e.g. Cr = 0.10 wt.-%/c, the approach 
presented here must be used to calculate the resid-
ual service life. The period of time that must elapse 
before the residual chloride profile at the rebar 
surface reaches a concentration of 0.10 wt.-%/c 
must be estimated conservatively and added to the 
residual service life previously calculated.

4 CONCLUSIONS AND PRACTICAL 
APPLICATIONS

This paper has described a simplified probabilis-
tic approach for estimating the residual service life 
of concrete structural elements after repair. The 
repairs consisted of replacing the concrete cover 
either partially or entirely with a cement-based 

repair material. In particular, the presence of any 
residual chloride contamination in the remaining 
concrete layer was considered.

The approach presented here was validated with 
the aid of analytical calculations and numerical 
investigations.

The most frequently used repair materials in the 
event of chloride-induced corrosion of the reinforc-
ing steel are polymer-modified cement-based sys-
tems; PCC (Polymer modified Cement Concrete) 
and SPCC (Sprayed Polymer modified Cement 
Concrete). The performance of such materials, 
whose composition is not generally revealed by the 
manufacturers, and their long-term behaviour have 
not yet been investigated. The parameters needed 
for a performance-based assessment of the effi-
ciency of such materials were determined in Rahimi 
et al. (2014.09) on the basis of ongoing investiga-
tions of selected materials. The parameters and 
the probabilistic approach presented in this paper 
were used to determine the residual service life for 
a design case by way of illustration (repair mate-
rial PCC I from Rahimi et al. (2014.09), remain-
ing concrete layer and residual chloride profile, see 
Figures 5 and 10, action see Table 1). The calcu-
lated β-t-run is shown in Figure 10. The desired 
reliability index of β = 1.5 is reached approx. 45 
years after repair.

Figure 9. Examples of design cases; the residual chlo-
ride profiles do not exhibit any chloride concentration at 
the rebar surface.

Table 2. Input parameters of the repair materials for the 
reliability analysis in Figure 10.

Parameter

Distribution & values

PCC CEM III/B045

DRCM(t0) [⋅10−12 m2/s] ND (2.3/0.46) ND (1.9/0.38)
ageing factor α [–] βD (0.51/0.18/0/1) βD (0.45/0.20/0/1)

Figure 10. Residual service life according to the proba-
bilistic approach presented in this paper for an exemplary 
case in which repair materials with high diffusion resist-
ance against chlorides are used.
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By comparison, Figure 10 shows also the β-t-
run for the same design case, differing only in the 
repair material used. The material selected was a 
CEM III/B concrete (w/c = 0.45) which is known to 
has a high diffusion resistance against chlorides. In 
this case, the service life for β = 1.5 is reached after 
approx. 30 years. The material parameters used in 
the analyses are shown in Table 2.

REFERENCES

BAW Code of Practice MCL “Resistance of Concrete to 
Chloride Penetration” 2012.

CEN/TS 12390-11 (2010). Testing hardened concrete—
Part 11: Determination of the chloride resistance of 
concrete, unidirectional diffusion.

Carslaw H. S., Jaeger J. C. 1959. Conduction of Heat in 
Solids, Clarendon Press, Oxford, UK.

Crank J. 1975. The Mathematics of Diffusion, Claren-
don, Oxford,UK, 2nd edition.

COMSOL Multiphysics®—Multiphysics Modeling, 
Finite Element Analysis, and Engineering Simulation 
Software, www.comsol.com.

EN 1990:2002 – Eurocode 0. Bases of structural design. 
CEN, Brussels.

fib bulletin 34 (2006). Model Code for Service Life 
Design, prepared by fib Task Group 5.6.

fib MC (2010). Model Code for concrete structures.
Gehlen C. 2000. Probability-based service life design of 

reinforced concrete structures—Reliability studies for 
prevention of reinforcement corrosion. DAfStb Heft 
510, Berlin, Beuth (in German).

ISO 16204:2012. Durability—Service life design of con-
crete structures.

Maxima—A Computer Algebra System. Energy Sci-
ence and Technology Software Center. http://maxima.
sourceforge.net

NT Build 492 (1999). Nordtest method: Concrete, Mor-
tar and Cement-Based Repair Materials: Chloride 
Migration Coefficient from Non-Steady-State Migra-
tion Experiments.

NT Build 443 (1995). Nordtest method: Concrete, hard-
ened: accelerated chloride penetration.

Rahimi A., Gehlen C., Reschke T., Westendarp A. 2015. 
Chloride transport in concrete structural elements 
after repair. Proceeding of the International fib sym-
posium 2015 “Concrete—Innovation and Design”, 
18.-20. May, Copenhagen, Denmark.

Rahimi A., Gehlen C., Reschke T., Westendarp A. 
2014.09. Efficiency of materials used for repair meas-
ures of concrete structures exposed to chlorides. 5th 
International Conference on Concrete Repair—Con-
crete Solutions, 01.-03. September 2014.

Rahimi A., Gehlen C., Reschke T., Westendarp A. 
2014.01. Approaches for Modelling the Residual Serv-
ice Life of Marine Concrete Structures. International 
Journal of Corrosion 1/2014, http://www.hindawi.
com/journals/ijc/2014/432472/abs/.

STRUREL—A structural reliability analysis program 
system by RCP GmbH (Reliability Consulting Pro-
grams), www.strurel.de.

ICCRRR15_Fullpaper_Book.indb   909ICCRRR15_Fullpaper_Book.indb   909 8/27/2015   9:22:13 AM8/27/2015   9:22:13 AM

  

http://maxima.sourceforge.net
http://maxima.sourceforge.net
http://www.hindawi.com/journals/ijc/2014/432472/abs/
http://www.hindawi.com/journals/ijc/2014/432472/abs/


911

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2
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ABSTRACT: Annually, road and rail authorities are able to only replace a fraction of their ageing net-
work infrastructure owing to lack of funding. Bridge Management Systems have been developed to aid 
the prioritization of bridges and culverts according to their urgency for repair and rehabilitation. Their 
databases contain significant data which could be used to identify, if  any, relationships between data of 
an area of interest. Thus, this paper presents findings from several logistic regression analyses and data 
mining activities conducted on inventory and inspection data of reinforced concrete bridges and culverts 
in the Western Cape Province of South Africa. The study investigates defects, their predominance, their 
spatial distributions as well as their relationships with inventory data such as the location of structures (in 
terms of district municipalities); types of structures; age and span length/width. Further, average condi-
tion indices are provided as a means to quantify their average state.

for maintenance, renovations and the reconstruc-
tion of infrastructure. However, in the last decade, 
agencies have been confronted with budgetary con-
straints. As a result of these, the quantity of struc-
tures receiving maintenance works decreased and 
the quantity of structures requiring repairs and 
rehabilitation increased. Attention shifted from 
structural maintenance to structural preservation 
(Nordengen & Nell, 2005). Recently, many of the 
road and rail authorities within Southern Africa 
did not have network infrastructure management 
systems in place; hence they adopted the Struman 
BMS (Nordengen & De Fleuriot, 1998). The BMS 
is a defects-based system which employs a pri-
oritization algorithm on data derived from visual 
inspections to rank bridges and culverts in order 
of importance for rehabilitation and repair.

The Provincial Government of the Western 
Cape (PGWC) has also adopted this system. They 
are responsible for 16 000 km of road; 6000 km of 
paved road and 10 000 km of unpaved road. These 
networks of road are also inclusive of approxi-
mately 2 400 bridges and culverts (Nordengen and 
Nell, 2005).

The visual inspection data collected for these 
structures has been solely used to prioritize them 
for remedial work activities. These data contain 
useful information pertaining to structures defects 
and condition. Thus, further analysis of these data 
could provide an indication of the predominant/
reoccurring bridge and culvert defects, their spatial 
distributions and their relationships with inventory 
data such as location (in terms of district munici-

1 INTRODUCTION

Bridges and culverts form critical links within 
transportation networks and society has always 
relied on transportation for survival. The earli-
est bridges were made of fallen trees and vines 
and with the evolution of technology, tailored to 
facilitate mechanized transportation of people and 
goods (Tang, 2007). The performance of bridges 
and culverts should be of great concern as trans-
portation systems not only have an impact on the 
country’s economy, they also affect society’s every-
day lives (Adhiikare, Moselhi & Bagchi, 2013).

Bridges and culverts are prone to defects result-
ing from chemical, mechanical and physical mech-
anisms. For example in South Africa during 1996, 
the legal axle load was increased from 8.2 tonnes 
to 9 tonnes (Nordengen and De Fleuriot, 1998); 
deterioration of transportation infrastructure was 
consequently expected to increase. Furthermore, 
according to Schraven et al. (2011), Bien, Elfgren 
and Olofsson (2007), society’s expectations for 
infrastructure managers to meet new demands are 
steadily increasing. These demands include higher 
axle loads, higher speeds, safety, less disturbances, 
reduced maintenance costs and increased availabil-
ity and reliability of network structures. Thus, for 
reasons such as these it is important that transpor-
tation authority’s monitor and maintain the per-
formance and condition of their ageing network 
infrastructure.

Schraven et. al. (2011) indicate that in the past 
public agencies were able to allocate large budgets 

ICCRRR15_Fullpaper_Book.indb   911ICCRRR15_Fullpaper_Book.indb   911 8/27/2015   9:22:14 AM8/27/2015   9:22:14 AM



912

palities), structure type, age and span length/width. 
Subsequently, findings may be used to improve 
decision making during resource allocation; fore-
cast deterioration and inform future bridge and 
culvert design.

The paper will therefore discuss findings from 
an analysis conducted on the PGWC Struman 
BMS database with the intention to gain a deeper 
understanding of the relationships that exist 
between the defects and inspection data of the RC 
network structures in the Western Cape Province 
(see Figure 1).

2 INVENTORY AND INSPECTION DATA

A total of 2 419 structures were in the BMS data-
base; about 35% of these structures were classified 
as bridges and 65% was classified as culverts. RC 
structures constituted of 92% of the bridges and 
88% of the culverts. An indication of their distri-
bution is provided in Figure 2.

About 81% of the RC bridges were simply sup-
ported and 90% of the culverts were portal frame 
culverts. The RC structures had an average age of 
42.8 years. Lastly, the average span length for the 
RC bridges was 8.3 m whereas the average width 
for RC culverts was 3.1 m.

2.1 Predominant structural defects

Several defects were investigated of which those 
identified as the most predominant have been 
listed, in order of predominance, in Table 1.

Cracking, included cracking due to settlement, 
torsion, shear stress, bearing stress, prestress 
restraint etc.(structural and non-structural) and 
spalling were identified to be the most predomi-
nant defects of both RC bridges and culverts when 
compared to the other defects. The largest percent-
age of RC bridges with cracking were in the Cen-
tral Karoo (80.7%) followed by the City of Cape 
Town (73.1%) and Overberg (71.3%). The percent-
age of bridges with cracking in Eden (59.9%) and 
the West coast (59.5%) were relatively similar. The 
Cape Winelands had the least percentage of RC 
bridges with cracking (45.6%). On the other hand, 
the largest percentage of RC culverts with crack-
ing was in the Eden (63.3%) followed by the Over-
berg (51.6%). The percentage of RC culverts with 
cracking in the City of Cape Town (36.4%), Cape 
Winelands (34.5%) and West coast (34.0%) were 
relatively similar. The Central Karoo had the least 
percentage of RC culverts with cracking (22.9%). 
The percentage of RC bridges with spalling was 
generally higher for district municipalities with 
higher percentages of RC bridges with cracking 
and lower for those with lower percentages of RC 
bridges with cracking. However, for culverts the 
cracking and spalling was more random.

The cracking, spalling and reinforcement cor-
rosion were assumed linked and their variations 
attributed to exposure to the marine environment. 
The far interior is semi-arid, whereas, the West 
Coast, bordered by the Atlantic Ocean, and the 
South Coast, bordered by the Indian Ocean, expe-
rience varying climatic conditions; from Mediter-
ranean to mild maritime, respectively (Gumbi and 
van Weele, 2013). In addition to this, the atmos-
phere in costal environments is laden with salts 
rich in chloride ions which are transported to RC 
structures through wind action and ingress the RC 
structures upon deposition on their surfaces. These 
chloride ions facilitate reinforcement corrosion Figure 1. The Western Cape Province of South Africa.

Figure 2. The Western Cape Province of South Africa.

Table 1. Predominant defects on RC structures.

Structure

RC Bridges RC Culverts

Cracking Cracking
Spalling Spalling
Joint defects Defective concrete
Surface erosion Scour
Movement/ Rotation Movement/Rotation
Reinforcement Corrosion Reinforcement Corrosion
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and consequently cracking and spalling (Alao, 
Alexander and Beshausen, 2014). The mechanism 
of chloride penetration varies with the RC struc-
ture’s distance from the sea and is also influenced 
by humidity, temperature, wind and solar radia-
tion (Ghods et al., 2005). For this reason, more of 
the RC bridges and the RC culverts located along 
the coastal district municipalities were expected 
to have reinforcement corrosion when compared 
to those located more inland such as in the Cape 
Winelands and Central Karoo; a more semi-arid 
environment. The joint defects were attributed 
to small movements such as daily thermal cycles; 
traffic induced movements; faulty installation of 
materials; lack of routine maintenance resulting 
in debris collecting in the seals and poor surface 
drainage. These were also assumed to have con-
tributed to the observed movement and/or rota-
tion defects. The surface erosion was attributed 
to environmental factors; the defective concrete 
to poor mix designs and or construction practices 
and techniques and the scour to increased outlet 
velocities experienced downstream during seasons 
of heavy rainfall (Urbonas, 2001). The Western 
Cape experiences moderately high rainfall during 
winter and the culverts are therefore expected to be 
saturated as well as experience large variations in 
vortices and eddy currents over the intensely heavy 
rainfall days resulting in an increased likelihood of 
undermining and scour.

3 RELASHIONSHIPS BETWEEN 
INVENTORY AND INSPECTION DATA

Logistic regression analysis was used to investigate 
relationships between the independent variables 
and the binary dependent variables. The independ-
ent categorical variables were that of the various 
locations and structure types. Age and span length 
were classified as independent continuous vari-
ables and the predominant defects as dependent 
variables. The analyses were conducted at the 0.05 
level of significance characterized by p-values less 
than 0.05; 95% confidence intervals of odds ratios 
not containing 1 and odds ratios differing from 1. 
It may be noted that only the statistically signifi-
cant relationships identified from logistic regres-
sion are presented in this paper. However, all those 
identified from data mining activities have been 
provided.

3.1 Relationships between predominant defects 
and location

Two models were developed to measure the sig-
nificance of location on the dependent variables 
relative to the base category; an RC bridge or RC 

culvert in the Cape Winelands. The results are pro-
vided in Table 2 and 3, respectively.

A RC bridge in the Central Karoo was 5.06 
times more likely to have cracking in comparison to 
a RC bridge in the Cape Winelands. Subsequently, 
a RC culvert in the Central Karoo was 9.09 times 
more likely to have cracking in comparison to a 
RC culvert in the Cape Winelands. Interpretation 
for the rest of the logistic regression analyses tables 
throughout the paper followed the same reasoning.

The mean age of the RC structures as well as 
the standard deviation as per district municipality, 
were investigated provided in Table 4 and 5. Also, 
the average conditions of the structures as per dis-
trict municipalities were investigated and provided 
in Figure 3.

The RC bridges in the Central Karoo not only 
had the higher odds ratios they also had a higher 
mean age and the lowest average CI. Thus their con-
dition was attributed to their higher mean age which 
also had the smallest deviation from the mean.

The consequences of employing poor con-
struction practices and techniques in a semi-arid 

Table 2. Results from logistic regression analysis between 
predominant defects and location of RC bridges.

Variable

Cracking

z Odds ratio p-value

Central Karoo 5.06 4.90 0.000
City of Cape Town 4.77 4.85 0.000
Eden 3.05 1.95 0.002
Overberg 2.89 2.08 0.004
West Coast 2.48 1.69 0.013

Spalling
West Coast −5.16 0.29 0.000

Joint defects
City of Cape Town 6.50 7.70 0.000
Eden 4.17 3.02 0.000
Overberg 4.22 3.42 0.000

Surface erosion
Central Karoo 7.20 16.8 0.000
City of Cape Town 5.54 9.62 0.000
Eden 4.52 5.48 0.000
West Coast 1.34 1.76 0.000

Movement and/or rotation
City of Cape Town −4.00 0.12 0.000
Eden −5.59 0.12 0.000
Overberg −4.52 0.15 0.000

Reinforcement corrosion
Central Karoo 3.12 2.48 0.002
Eden −2.64 0.41 0.008
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environment such as that of the Central Karoo 
were assumed to have also contributed to poorer 
condition of the RC structures in this region.

3.2 Relationships between predominant defects 
and structure type

The significance of location on the dependent vari-
ables relative to the base category; an RC bridge or 
RC culvert in the Cape Winelands, was measured. 
The results for RC bridges and RC culverts were 
provided in Table 6 and 7, respectively.

A RC bridge in the Central Karoo was 5.06 
times more likely to have cracking in compari-
son to a RC bridge in the Cape Winelands. Sub-
sequently, a RC culvert in the Central Karoo was 
9.09 times more likely to have cracking in com-
parison to a RC culvert in the Cape Winelands. 
Interpretation for the rest of the logistic regression 
analyses tables throughout the paper followed the 
same reasoning.

The mean age of the RC structures as well as 
the standard deviation as per district municipality, 
were investigated provided in Table 8 and 9. Also, 

the average conditions of the structures as per dis-
trict municipalities were investigated and provided 
in Figure 3.

The RC bridges in the Central Karoo not only 
had the highest odds ratios they also had a higher 
mean age and the lowest average CI. Thus their 
condition was attributed to their higher mean 
age which also had the smallest deviation from 
the mean. On the other hand, the RC culverts in 
Eden had a much lower mean age when compared 
to the RC culverts of the other district municipali-
ties. Even though a large percentage of these had 
cracking (63.3%) and spalling (35%), they were not 
in the worst condition (see Figure 3).

The low average CI of the RC structures in Cen-
tral Karoo was in line with the findings from the logit 
models which suggested the RC structures in this area 
generally had higher likelihoods of containing the 

Table 3. Results from logistic regression analy-
sis between predominant defects and location of RC 
culverts.

Variable

Cracking

z Odds ratio p-value

Central Karoo 10.9 9.09 0.000
Eden 7.16 3.25 0.000
Overberg 3.75 2.05 0.000

Spalling
Central Karoo 5.71 3.00 0.000
Eden 4.42 2.27 0.000
Overberg 3.94 2.31 0.000

Defective concrete
Central Karoo 10.5 9.85 0.000
Overberg −3.11 0.24 0.002
West Coast 3.14 2.11 0.002

Scour
Central Karoo 4.93 7.79 0.000
Eden 5.83 10.5 0.000
Overberg 4.66 7.52 0.000

Movement and/or rotations
Central Karoo 4.71 2.91 0.000
Eden −4.01 0.24 0.000
Overberg −3.42 0.12 0.000

Reinforcement Corrosion
Central Karoo 4.42 3.13 0.000

Table 4. Mean age and standard deviation for RC 
bridges.

Mean age Standard deviation

Cape Winelands 47.2 18.2
Central Karoo 50.1 11.8
City of Cape Town 29.9 14.7
Eden 44.0 16.0
Overberg 50.4 18.5
West Coast 51.5 14.6

Table 5. Mean age and standard deviation for RC 
culverts.

Mean age Standard deviation

Cape Winelands 44.3 18.3
Central Karoo 49.0 10.0
City of Cape Town 18.7 20.1
Eden 25.2 23.6
Overberg 34.1 23.9
West Coast 46.3 24.4

Figure 3. Average CIs for RC bridges and RC culverts 
as per district municipality.
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predominant defects. The consequences of employ-
ing poor construction practices and techniques in a 
semi-arid environment such as that of the Central 
Karoo were assumed to have also contributed to 
poorer condition of the RC structures in this region.

When the subset of the dominant RC bridge 
structure type, the simply supported RC bridges, 
was compared for to the dominant RC culvert 
structure type, simply supported portal frame RC 
culverts, it was noted that the RC bridges (61%) 
affected by cracking were almost equivalent to the 

RC culverts affected by cracking (59%). However, 
more RC bridges contained spalling (45%) and 
reinforcement corrosion (18%) as opposed to cul-
verts. Continuous RC bridges, which accounted for 
12% of total quantity of bridges; the second largest 
structure type group, were found to have cracking 
(58%), spalling (38%), and only a third of the total 
fraction affected by the other defects. The other 
structure types combined constituted 6% of the 
total bridges and were affected mostly by cracking 
and spalling with less than 25% of them exhibit-
ing movement/rotation and rebar corrosion. The 
frequent defects on precast portal frame culverts, 

Table 6. Results from logistic regression analysis between 
predominant defects and location of RC bridges.

Variable

Cracking

z Odds ratio p-value

Central Karoo 5.06 4.90 0.000
City of Cape Town 4.77 4.85 0.000
Eden 3.05 1.95 0.002
Overberg 2.89 2.08 0.004
West Coast 2.48 1.69 0.013

Spalling
West Coast −5.16 0.29 0.000

Joint defects
City of Cape Town 6.50 7.70 0.000
Eden 4.17 3.02 0.000
Overberg 4.22 3.42 0.000

Surface erosion
Central Karoo 7.20 16.8 0.000
City of Cape Town 5.54 9.62 0.000
Eden 4.52 5.48 0.000
West Coast 1.34 1.76 0.000

Movement and/or rotation
City of Cape Town −4.00 0.12 0.000
Eden −5.59 0.12 0.000
Overberg −4.52 0.15 0.000

Reinforcement corrosion
Central Karoo 3.12 2.48 0.002
Eden −2.64 0.41 0.008

Table 7. Results from logistic regression analy-
sis between predominant defects and location of RC 
culverts.

Variable

Cracking

z Odds ratio p-value

Central Karoo 10.9 9.09 0.000
Eden 7.16 3.25 0.000
Overberg 3.75 2.05 0.000

Spalling
Central Karoo 5.71 3.00 0.000
Eden 4.42 2.27 0.000
Overberg 3.94 2.31 0.000

Defective concrete
Central Karoo 10.5 9.85 0.000
Overberg −3.11 0.24 0.002
West Coast 3.14 2.11 0.002

Scour
Central Karoo 4.93 7.79 0.000
Eden 5.83 10.5 0.000
Overberg 4.66 7.52 0.000

Movement and/ or rotations
Central Karoo 4.71 2.91 0.000
Eden −4.01 0.24 0.000
Overberg −3.42 0.12 0.000

Reinforcement Corrosion
Central Karoo 4.42 3.13 0.000

Table 8. Mean age and standard deviation for RC bridges.

Mean age Standard deviation

Cape Winelands 47.2 18.2
Central Karoo 50.1 11.8
City of Cape Town 29.9 14.7
Eden 44.0 16.0
Overberg 50.4 18.5
West Coast 51.5 14.6

Table 9. Mean age and standard deviation for RC culverts.

Mean age Standard deviation

Cape Winelands 44.3 18.3
Central Karoo 49.0 10.0
City of Cape Town 18.7 20.1
Eden 25.2 23.6
Overberg 34.1 23.9
West Coast 46.3 24.4

ICCRRR15_Fullpaper_Book.indb   915ICCRRR15_Fullpaper_Book.indb   915 8/27/2015   9:22:16 AM8/27/2015   9:22:16 AM

  



916

which constituted 18% of the total culverts, were 
that of cracking (40%) and spalling (32%) followed 
by defective concrete (27%). The other RC culvert 
structure types constituted 10% of the total quan-
tity of culverts of which below half  of these (40%) 
were concrete pipes. These concrete pipes were 
found to have the highest percentage, by structure 
type, of scour which was approximately 20%. The 
average Condition of the RC bridges and RC cul-
verts was investigated and the results graphically 
represented in Figure 4 and 5.

The simply supported RC bridge structure type 
(simply supported RC bridges) had the one of the 
lowest average CIs. The differences in the average CI 
of the in-situ and precast portal frame culverts was 
assumed characteristic of casting on site as opposed 
to pre-casting; more care is generally given to pre-
cast structures as opposed to those cast in-situ.

3.3 Relationships between predominant defects 
and age

A total of 514 RC bridges (65%) and 266 RC cul-
verts (19%) had known construction dates and 
therefore their ages could be determined. Sig-
nificant relationships were tabulated in Table 10 
and 11.

Thus, a unit increase in age would increase the 
likelihood of cracking on an RC bridge by 2.98. 
and similarily for the RC culverts.

Relationships between increasing age for the RC 
structures have been represented in Figure 6 and 7.

The graphs in Figure 6 and 7 exhibited general 
increases in the percentages of RC structures with 
predominant defects with increasing age categories.

Subsequently, the average conditions of the RC 
bridges and RC culverts were investigated and the 
relationships illustrated in Figures 8.

The average CIs graphs for both the RC bridges 
and the RC culverts showed a clear decrease with 
increasing age categories between 0 and 50 years. 
The age category of 40 to 49 years was the turning 
point for both graphs. A large percentage of the 
RC bridge (25%) and RC culverts (43%) from this 
age category were from the Central Karoo; hence 
the lower CI. The average CIs showed an increase 
for the age category of 50 to 69 years. The peaking 
of the graphs at age category 60 to 69 was assumed 
characterized by the smaller quantity of RC struc-
tures (47% less RC bridges and 48% less RC cul-
verts) constructed during this period compared to 
the successive age category.

3.4 Relationships between predominant defects 
and span length/width

Lastly, relationships between span length/width for 
over 95% of the RC bridges and RC culverts were 
investigated and the findings tabulated in Tables 12 
and 13.

RC bridge span length was only found to 
be significant for predicting the likelihood of 
joint defects. Thus a unit increase in span length 
increased the likelihood of joint defects by 1.03.

RC culvert width was found significant for pre-
dicting the likelihood of cracking and joint defects. 
Correspondingly, a unit increase in width increased 
the likelihood of these defects by 1.11 and 1.03.

Figure 9 depicts the relationships between 
defects and span length for RC bridges.

Figure 4. Average CIs for RC bridges and RC culverts 
as per structure type.

Figure 5. Average CIs for RC bridges and RC culverts 
as per structure type.

Table 10. Results from logistic regression analysis 
between predominant defects and age of RC bridges.

Dependent 
variable

RC Bridges

z Odds ratio p-value

Cracking 2.98 1.01 0.003

Table 11. Results from logistic regression analysis 
between predominant defects and age of RC culverts.

Dependent
variable

RC Culverts

z Odds ratio p-value

Cracking 4.50 1.01 0.000
Spalling 2.49 1.01 0.013
Scour 2.36 1.01 0.018
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The percentage of RC bridges and most RC 
culverts with the predominant defects generally 
increased with increasing span length/width. How-
ever, the percentage of RC culverts with scour and 
movement and/rotation generally decreased with 
increasing width as seen in Figure 10.

The condition of the structures with increasing 
span length and width was investigated and the 
findings graphically illustrated in Figure 11 and 12.

The average CIs for the RC bridge span lengths 
between 0 m and 30 m showed a decrease with 
increasing span length categories. The lowest RC 
bridge span length was that of 78.2 for span length 
category between 25 and 30 m. The average span 
length for RC bridges of span length between 30 
and 40 m increased with increasing span length 

Figure 6. Relationship defects and age for RC bridges.

Figure 7. Relationship defects and age for RC culverts.

Figure 8. Average CIs for RC bridges and RC culverts 
as a function of age.

Table 12. Results from logistic regression analysis 
between predominant defects and span length of RC 
bridges.

Dependent 
variable

RC bridges

z Odds ratio p-value

Joint defects 2.56 1.03 0.010

Table 13. Results from logistic regression analysis 
between predominant defects and width of RC culverts.

Dependent 
variable

RC culvert

z Odds ratio p-value

Cracking 2.11 1.11 0.035
Defective concrete 2.56 1.03 0.003

Figure 10. Relationships between defective concrete 
and scour for RC culverts.

Figure 9. Relationships between span length and iden-
tified predominant defects for RC bridges.

Figure 11. Average CIs for RC bridges as a function of 
span length.
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and thereafter decreased for bridges over 40 m. 
It may be noted that because the quantity of RC 
bridges over 30 m only constituted 2% of the total 
RC bridges, the high average CIs computed for 
these RC bridges may also be regarded as a result 
of the very small sample.

On the other hand, the average CIs for the RC 
culverts were fairly constant and showed a slight 
decrease with increasing age categories.

4 CONCLUSION

To enhance the knowledge of the state and condi-
tion of the RC bridge and RC culvert structures 
of the Western Cape Province, an analysis of the 
Struman BMS database was presented in this 
paper. The investigations between the identified 
predominant defects and location showed that 
cracking and spalling were most frequent on the 
RC structures. These were attributed mostly to the 
mechanism of chloride ingress; very common in 
the Western Cape Province. The RC structures had 
similar defects and it therefore follows that they 
had similar deterioration mechanisms.

Location (in terms of district municipality), struc-
ture type, age and span length/width were found to 
all be important contributors to the prevalence of 
the predominant defects. It may be concluded that 
location better explains the prevalence of predomi-
nant defects when consider with the mean age of the 
structures and the standard deviation of the age.

Simply supported RC bridges and simply sup-
ported in-situ portal frame RC culverts constituted 
too large a portion to be able to draw conclu-
sions on the other structure types. Furthermore, 
although there were no statistically significant rela-
tionships between defect and structure type, it may 
be noted that the dominant structure types were in 
the worst condition.

Moreover, the percentage of RC structures with 
defects general increase with increasing age and 
span length/width. Hence it follows that there is an 
overall decrease in condition with increasing age 
and span length/width.

Finally, considering the average CIs of the entire 
RC structure population, the RC bridges and RC 
culverts were considered to be in an acceptable and 
good condition.
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Safety assurance of problematic concrete bridges by automated SHM: 
Case studies

K. Islami & N. Meng
mageba SA, Bulach, Switzerland

ABSTRACT: This paper presents a number of recently installed Structural Health Monitoring (SHM) 
systems of concrete bridges, which measure high-frequency parameters and thus enable a proper under-
standing of the structures’ behavior. This greatly reduces uncertainties relating to material properties and 
structural capacity, and optimizes inspection and maintenance programs. The diverse range of applica-
tions presented, designed in collaboration with structure owners and design engineers, includes concrete 
box girder bridges in a subsidence area, an old arch bridge subject to structural retrofitting and a cracked 
concrete railway viaduct. These case studies, based on both static and dynamic approaches, demonstrate 
the usefulness and ease of use of such systems, and the enormous gains in efficiency they offer over alter-
native manual monitoring methods.

made possible by the use of  regression models, 
which can determine the static variables starting 
from a predefined input.

All of these techniques have been used in the 
present study, and more importantly, have been 
applied to important concrete bridges that were in 
danger of settlements, were suffering deterioration 
or were being structurally modified.

2 MONITORING OF SETTLEMENT OF 
SEVEN CONCRETE BOX GRIDER 
BRIDGES ON THE HUNTER 
EXPRESSWAY, AUSTRALIA

The Hunter Expressway, recently constructed in 
Branxton, New South Wales, is situated in a min-
ing area. The bridges on the new road are at risk 
of settlement due to mining subsidence, so it was 
decided to permanently monitor seven structures. 
The structures are mainly concrete box girder 
bridges with lengths of 155m, 155m, 337m, 257m, 
257m, 200m and 200m respectively (Figure 1).

The principal purpose of this project is to 
measure the differential settlements of piers and 
abutments and the horizontal displacements of 
abutments (Islami et al., 2013). A permanent 
monitoring system has been installed to fulfil this 
purpose. The system’s principal sensors include: 
ultrasonic sensors to measure horizontal move-
ments at the abutments; hydrostatic tube balance 
sensors to measure differential settlements at piers 
and abutments (Figure 2); and air temperature 
and humidity sensors and structural temperature 

1 INTRODUCTION

Observed deterioration of structures, updating of 
structural codes and the intrinsic weakness of some 
structural elements have shown that many existing 
bridges and other structures offer inadequate struc-
tural performance and must be upgraded to comply 
with current seismic and other design codes. In the 
case of new structures, the use of advanced finite 
element method (FEM) design has pushed the use 
of materials to the limit, so a direct verification of 
the real behavior of a completed structure can be 
very useful in enabling the responsible engineers to 
have confidence in its performance.

Both above-mentioned cases need to be control-
led by advanced technologies that allow real-time 
observations and permit to respond effectively in 
case of critical conditions. Such technology gener-
ally takes the form of an automated SHM system. 
SHM systems typically consist primarily of a data 
acquisition unit and a number of sensors, together 
with data processing and data transmission capa-
bilities as may be required.

The implications of the development of tech-
niques of monitoring, of  statistical modeling of 
the response of structures, and of gathering and 
processing data in real time, are important—espe-
cially in the context of  particularly sensitive struc-
tures. It is desirable to verify whether the effects 
of  various environmental variables measured in 
situ influence the static or dynamic behavior of 
the structure. Therefore, it is important to elimi-
nate the influence of these factors, so that small 
changes due to damage can be detected. This is 
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sensors in order to relate the movements to envi-
ronmental effects.

All measurements are accurately gathered in 
a double database and immediately visible in the 
project’s SHM web interface. Figure 3 shows one 
of the cockpits that the end-user can access day or 
night. The measurements on two bridges are shown: 
west and east structures. On each abutment or pier, 
the following data is measured and recorded:

• At the abutments: displacement in longitudinal 
and transverse direction of the expansion joint, 
settlements and temperature

• At the piers: settlements relative to the right or 
left abutment and temperature

• Additionally, the level of the reservoir is meas-
ured to ensure an appropriate accuracy.

Not only can the responsible engineers check 
settlements at any time, they can also view the 
entire time history of the measurements graphi-
cally (Figure 4). Any abnormal settlements will 
be immediately recognizable, enabling safety pre-
cautions to be implemented. To ensure that the 
information is immediately recognized by the 
engineers, even when not in the office, the system 
also includes an alarm feature which will provide 
immediate notification of such an occurrence by 
email or SMS.

It is interesting to observe the displacements and 
settlements in Figure 4, where 17 months of meas-
urements are presented. Together with Figure 5, 
this shows that longitudinal displacements at the 
bridge’s expansion joints are highly dependent on 
temperature. Furthermore, it can be seen (Fig. 6) 
that settlements at every pier and abutment are 
similarly influenced by environmental parameters 
(to a lesser degree), as might be expected. Fortu-
nately, since the installation took place, the SHM 

Figure 1. Views of monitored structures of the Hunter 
Expressway.

Figure 2. Installation of the monitoring system inside 
the concrete box girders of the Hunter Expressway.
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system has been able to confirm that no significant 
settlement has occurred.

3 MONITORING FOLLOWING BRIDGE 
MODIFICATION WORKS—PONTE 
NANIN, SWITZERLAND

The twin arch bridges of  Ponte Nanin (Figure 7) 
were constructed in 1967 to create an important 
new connection serving the San Bernardino Pass 
in the Swiss Alps. During refurbishment work 
some thirty years later, modifications were carried 

out to accommodate increased traffic demands. 
These changed the static system of the bridge, 
with several of  the bridge’s pillars newly mono-
lithically connected to its deck, meaning that all 
movement now occurs at one end. Considerable 
impacts on the bridge’s bearings and joints were 
expected. Some of the bearings, which were origi-
nally designed to allow sliding movement of the 
deck, were modified to now act as fixed bearings, 
resisting the forces that would have caused move-
ments in the past.

In order to provide ongoing confirmation 
that the impacts of the changes to the bridge’s 

Figure 3. Web interface “cockpit” of the Hunter 
Expressway SHM system.

Figure 4. Data records for one and a half  years’ settle-
ment measurements at one of the bridges.

Figure 5. Relationship between longitudinal displace-
ment and temperature at one abutment of one of the 
bridges.

Figure 6. Relationship between settlement of piers and 
temperature at one abutment of one of the bridges.
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structural system were as anticipated, and that the 
structure continues to function properly and safely, 
a monitoring regime was instigated. Benefiting 
from the most suitable modern technology avail-
able, a remote monitoring system was installed in 
2005 to monitor the adapted load transfer through 
the structure and its bearings (Moor et. al., 2013). 
This would ensure that the performance of the 
structure is fully understood and that any changes 
in the structure, which could affect its performance 
or safety, are immediately recognized, allowing 
appropriate action to be taken.

It was decided during consultations with the 
bridge engineer that records of forces and move-
ments within the structure at 15-minute intervals 
would in general provide an appropriate level of 
information. In order to fulfil these objectives, a 
low-frequency permanent Robo®Control system 
was determined to provide the optimal solution.

The system measures the loads carried by bear-
ings (Fig. 8 and Fig. 9) at both abutments. It also 
monitors the movements experienced by the struc-
ture’s expansion joints, by means of ultrasonic 
displacement sensors which continually determine 
the position of the last lamella beam of each joint. 
The monitoring system is also equipped with mete-
orological devices to measure air temperature and 
humidity and concrete temperature (Fig. 9).

The remoteness of the bridge’s location had a 
significant impact on the selection and low-fre-
quency design of the monitoring solution. The 
lack of fixed line telecommunications resulted in 

the need to transmit data from the bridge to the 
system’s central server via the available mobile 
telephone network—limiting the amount of data 
which should be transmitted in order to avoid 
excessive transmission costs. And the absence of a 
local power supply necessitated the use of a solar 
panel to satisfy energy requirements—limiting the 
power that would be available to the system, and 
thus the amount of data that could be recorded and 
transmitted. The low frequency of measurements 
required and facilitated by the system’s design lim-
its the volume of data arising, making powering 
by solar panel and transmission of data both suf-
ficient and economical. However, to accommodate 
special needs, the system is also designed to enable 
an authorized user, from the comfort of his/her 
office, to increase the frequency of measurements 
being recorded and transmitted for analysis.

The main concern following the refurbishment 
of the bridge related to the “flow of the forces” 
through the structure. By measuring the loads 
in the bearings and observing the force distribu-
tion in the bridge structure, this concern could be 
immediately allayed after initial measurements. 
Since the system’s installation, ongoing measure-
ments have been used to assess the thermal behav-
ior of the structure and the effects of increasing 
traffic (Fig. 10, Fig. 11). And as an added benefit, 

Figure 7. Ponte Nanin in the Swiss Alps.

Figure 8. Load monitoring at Ponte Nanin bearing.

Figure 9. Ten years of measurements at Ponte Nanin.
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the system also features an alarm capability which 
automatically sends notification, by email and 
SMS, when the pre-defined boundary value of any 
variable is exceeded. This allows the bridge owner 
to have confidence that any changes in the condi-
tion of the bridge will be immediately recognized, 
enabling action to be taken to ensure the safety of 
the bridge and its users.

The monitoring system, initially installed in 
March 2005, still provides confidence on an ongo-
ing basis that the structure continues to function 
safely and well (after 10 years). It therefore con-
firms the design of the engineers who were faced 
with the challenge of adapting the static system of 
an existing structure. The system thus validates the 

approach which was deemed most suitable for eco-
nomic reasons, but which necessitated such valida-
tion in order to minimize all residual risks, more 
thoroughly and efficiently than could be achieved 
by any manual inspection regime.

4 CONTROLLING THE CRACKS OF A 
CONCRETE BOX GIRDER VIADUCT

After some years in operation, this railway viaduct 
had revealed cracks on the upper plate of the its 
box girder. The single span concrete box girder has 
a total length of 35 meters, and supports two train 
tracks on top.

It was decided to install a monitoring system in 
order to follow the evolving of the problem and 
evaluate the influence of the overpassing rail traf-
fic. The goal of the monitoring project is the meas-
urement and monitoring of the crack movements 
and crack behavior under traffic and environmen-
tal loads, over a period of two years. The system 
measures different parameters on the structure at 
frequencies of 100 Hz and 200 Hz, using different 
measuring principles, and presents the data online. 
The system is designed to fulfil four major tasks, 
including monitoring of environmental influences 
(temperature, humidity), monitoring of strain 
behavior, monitoring of the structure’s tempera-
ture and monitoring of the vibrations of the canti-
lever section of the girder.

Figure 12 shows the long box girder bridge while 
Figure 13 shows the sensor layout used to control 
the different structural parameters. A dense grid of 
sensors (Fig. 14 and Fig. 15) has been installed in 
order to accurately analyze the conditions of the 
bridge.

Figure 16 presents the entire two years of 
measurements: environmental temperature and 

Figure 10. Relationship between displacement and 
temperature measurements at Ponte Nanin.

Figure 11. Relationship between force and temperature 
measurements at Pont Nanin.

Figure 12. View of the continuous concrete box girder 
viaduct.
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humidity at several locations on the bridge, struc-
tural temperature inside the concrete, micro-dis-
placements at several locations (few are shown 
for clarity) and accelerations in different parts of 
the bridge. In general, the opening/closing move-
ments of  cracks are in line with the environmental 
influences. It can be observed from Figure 16 that 
accelerations on the deck are also in line with tem-
perature, except for one which decreases notably. 
During the two years there is no sign of deteriora-
tion, with no significant opening of the cracks.

It is also interesting to observe the opening of 
cracks due to actual loads on the bridge. Figure 17 
shows this during the passage of a high-speed 
train. As expected, there is an evident influence 
on the displacement sensor but the scale of move-
ments make them quite negligible.

Further data analysis has also been performed. 
Figure 18 shows the Root Mean Square (RMS) of 
continuous high frequency (100 Hz) acceleration 
measurements during a period of five days. This is 

Figure 14. Structural temperature sensors installed 
inside the concrete structure.

Figure 15. Crack displacement sensor installed on the 
upper deck of the concrete box girder.

Figure 13. Layout of acceleration, strain and tempera-
ture sensors in one of the spans.

Figure 16. Measurements from two years of 
monitoring.
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a statistical measure of the magnitude of a varying 
quantity, especially useful when variants are posi-
tive and negative (Islami & Modena, 2013). The 
plot shows how the intensity of accelerations var-
ies not only in accordance with the day/night inten-
sity of trains over the bridge but also in accordance 
with the day/night temperature change. During the 
daytime, trains travel more frequently and the RMS 
has a high value (peak at around 10 am), while at 
nighttime, the frequency is quite low. On the other 
hand, the vibrations are higher when the bridge is 
elongating due to temperature, and lower during 
the night. This method of data analysis can also 
be used to the actual traffic on the viaduct using 
accelerometers.

Figure 18 shows the opening and closing of the 
crack during several days of continuous measure-
ments. Generally this phenomena depends on tem-
perature, but numerous maximum displacement 
values are also found to appear during the passage 
of a train.

The main purpose of the system was achieved 
by providing the responsible structural engineers 
with valuable data of vibrations and crack open-
ing for a period of two years. The correlation of 
such parameters with train types and temperature 
could be used to determine the current state of the 
structure and to plan future structural refurbish-
ment works.

5 CONCLUSIONS

SHM systems offer many benefits over traditional 
manual observation and measurement methods. 
They are typically much more efficient, having 

far lower “running costs”, and are capable of an 
extraordinary level of detail and accuracy, e.g. in 
measuring high-frequency vibrations that would 
scarcely be registered by human touch. They can 
also be set up to operate 24 hours a day, 7 days a 
week, for as long as required, and can thus be relied 
on to immediately record and report unexpected/
serious events, no matter when they might occur. 
Whether used during installation, inspection, 
maintenance or replacement works, or to facilitate 
assessment of unexpected events or planned modi-
fications, automated monitoring systems are thus 
sure to be increasingly used on bridges in years to 
come.
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Figure 17. Train passage effects, in close view, on the 
accelerations and on the crack openings of the bridge.

Figure 18. Continuous 100 Hz measurements during 
several days: RMS and crack opening.
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and rehabilitation of structures
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ABSTRACT: Evaluating the structural health of a bridge is a complex activity. Small and medium 
bridges constructed in urban areas often undergo too many changes during their service life. Partial 
reconstruction, increased traffic loads, a new structural schema are some of the changes occurred in the 
Tannery bridge (Switzerland) over time. These changes were only partially documented. Therefore it was 
necessary to understand the structure and its behavior prior to assessing its load carrying capacity and the 
pathologies, before proposing a refurbishment strategy. Furthermore, some important elements were doc-
umented but not constructed as stated in the plans. No transition slabs were ever planned and the ramps 
constructed to access the bridge were rapidly deforming due to the low quality of the soil. Although the 
concrete deck is not in critical conditions, some degradation is visible and rapidly progressing. The curbs 
and barrier types obliged the engineers to plan the demolition and to change these important details. This 
article presents the analyses and the design process for the rehabilitation of the Tannery Bridge, an urban 
bridge that, in about 5 decades, was completely changed and resisted to unexpected loads such a number 
of heavy military tanks. Furthermore it will be shown how, sometimes, minor problems may become the 
real challenge, at least from the financial point of view.

2 PROJET DESCRIPTION AND DETAILS

2.1 Introduction

As all inspections on an existing structure, the first 
step is having a preliminary inspection of the struc-
ture to collect as much information as possible. 
Information was collected first in the form of the 
original 1976 executions plans, the 2010 calculation 
of the bearing capacity of the bridge and finally as 
a number of interviews with people living in the 
town. The first fact collected was that in recent 
years a number of army tanks (probably weight-
ing each more than 40 tons) transited the bridge, 
severely damaging the joints (chains were covered 
by rubber bands and yet damage occurred). The 
second fact was that the final part of one of the 
ramps leading to the bridge was supposed to be a 
kind of a transition slab (see figure 3), simply sup-
ported on concrete columns (referred as “candles”) 
casted inside regularly spaced niches cut into the 
stone masonry. On the top of the concrete candles, 
a so-called “kilcher” bearing had to permit a cer-
tain rotation degree.

A number of manhole covers suggested the 
presence of a number of ducts passing under the 

1 INTRODUCTION

1.1 The Tannery bridge in La Sarraz

The “Tannery bridge” is a key structure of the fast 
growing town of La Sarraz (about 42% population 
growth between 2006 and 2011). An ancient truss 
steel arch bridge built in 1887 (see figure 1) was 
deeply modified in the 1976.

The 1976 bridge is a mixed structure with two 
simply supported steel beams, spanning 51.3 m. 
The concrete deck is 9.5 m wide (see figure 2).

Some of the old features of the arc bridge 
remain visible: the abutments in stone masonry and 
the traces of the arch hinges. The tannery, located 
under the bridge, is today an industrial laundry 
service facility. Two major events have brought this 
bridge to the attention of the authorities and of 
the engineers: the new Swiss code for roads, that 
today allows the transit of vehicles weighting up to 
40 tons (previous limit was 28 tons) and the owner-
ship of the bridge that passed from the state (can-
ton) to the city of La Sarraz. In 2010, the need of 
reinforcement was evaluated: after calculations, the 
engineers stated that no adaptation was necessary 
and the bridge can stand the new loads as it is.
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transition slab. The bearings were regular inspected 
but just using a binocular. There were no hints of 
problems on the steel beams. As a matter of fact, 
the engineer that designed the bridge in its actual 
form and that directed and inspected the construc-
tion process declared that:

1. There are no candles supporting the slab, the 
abutment was filled with ground and concrete 
slab was just poured on the top of it.

2. There were indeed a water pipe of the city inside 
the ground and, according to his knowledge it 
was unprotected.

3. One of the manhole was abandoned and inside 
there were nothing.

4. The ground of the ramps was not changed in 
1976.

Acquired this knowledge, a plan for a detailed 
visual inspection was set and executed.

2.2 Visual inspection and needs for repair/
maintenance

The visual inspection highlighted immediately that 
the bridge does not present any pressing safety 

issue. Beams and other structural elements had 
some problems on the paint in zones were welding 
in field occurred. Bearings were inspected and the 
rubber tested by specialists. They did not present 
any serious degradation. Retainers of the fix bear-
ing are in need of a general control, cleaning and 
painting and the concrete of the abutment needs 
some repair work (see figure 4).

While bearings were in good conditions, the 
joints were not. “RUB” type joints, installed in a 
position nearly impossible to thoroughly inspect, 
were not watertight any longer so that water and 

Figure 2. The Tannery bridge today.

Figure 3. Features of the Tannery bridge.

Figure 4. Right side bearing of the “la Sarraz” 
abutment.

Figure 1. The Tannery bridge in 1887.
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replacing the joint mortar (see figure 7). Although 
there is not any risk of rotation of the masonry, it 
is necessary to replace the joint mortar and cor-
rect the position of certain blocks. The Tannery 
bridge is an urban infrastructure with residential 
and commercial activities close by and under it. A 
masonry element falling would possibly arrive to 
the roof of the industrial laundry facility.

Whereas all these degradations were not alarm-
ing the engineers, others did; certainly not for 
safety reasons but because of the cost to mend 
them. The first problem was related to the “Fer-
reyres” ramp and slab. Fig 8 explains that a severe 
deformation occurred at the interface between the 
ramp and the slab.

The same phenomenon was observed on the 
right side of the bridge (see figure 9) were it could 
be observed also a slight damage to some equip-
ment attached to the deck.

This discovery lead to a further inspection on 
the type of soil by coring and the engineers agreed 
that the most appropriate solution will be the con-
struction of a transition slab. This increased the 
budget necessary for refurbishment of some hun-
dredth thousandth CHF.

The second problem concerned a water pipe pass-
ing under the slab « Ferreyres » side and fastened 

Figure 5. “Ferreyres” joint, right side.

Figure 6. “La Sarraz” joint.

Figure 7. Masonry of the” Ferreyres” abutment.

deicing salts could severely damage the surround-
ing concrete. The “Ferryeres” joint was visible on 
the sides: whereas severely damaged, the engineers’ 
main concern remained the severe degradation of 
the concrete due to deicing salts and freeze-and 
thaw (see figure 5). Lack of water tightness of the 
joint is a problem, aggravated by some Styrofoam 
panels let in place when the joints were installed.

Only the top of the “La Sarraz” joint was vis-
ible: the damage produced by the chain links of the 
army tanks was severe because “extracted” a thick 
steel plate, one of the main elements of the joints. 
Furthermore, the water pooled on top of the joint 
suggesting a damage of the surrounding concrete 
similar to the one observed in the “La Sarraz” 
joint. Replacement of the joint and refurbishment 
of the surrounding reinforced concrete was sug-
gested (see figure 6).

The abutments are original from the 1887 and 
they are “untouched” except for regular mainte-
nance. In 1976 the ensemble of the stone masonry 
was inspected and refurbished. The masonry did 
not present any alarming problem but in many 
places the mortar of the joint was degraded by 
the combined action of the freeze and thaw and 
environmental actions. Some large stone blocks are 
today supported by spacers used while placing or 

Figure 8. ”Ferreyres” joint, left side, displacement.
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under the bridge deck. As it was discovered that this 
pipe belonged to the city water system, it became 
clear that only a few meters were encased in a plas-
tic pipe, while most of the pipe was in contact with 
a mixture of soil and rock (see figure 10).

Although nothing so far happened, the concern 
of the engineers was that a rock might damage the 
pipe and the leaking water might fill the ground 
inside the abutment with catastrophic effect on the 
masonry walls. It was agreed that the pipe had to 
be protected for all its length under the abutment 
and made accessible for inspection.

2.3 The refurbishment project

Refurbishment projects have to abide to different 
codes, to the field conditions and meet a certain 
number of objectives. In Switzerland the norms 
and technical documents of the SIA and the direc-
tives of the OFROU (Federal highway office) 
are used. The objectives are to ensure safety and 
serviceability and to guarantee a suitable durabil-
ity (extension of the service life).

As soon as the services of a design firm were 
retained, the project begun. The documenta-
tion was thorough and yet some details were not 
clear. One of the main point of the project was the 
verification of the bridge safety and serviceabil-
ity: a review of the old projects highlighted some 
discrepancies on the thickness of the web of the 
steel beams. Although the bridge had undergone 
to severe loads, it is of capital importance that all 
details match. These details will be clarified when 
the work on the slab of the Ferreyres abutment will 
begin. If  the real thickness will be even lower that 
the minimum found on the projects, this would 
lead to a new verification of the bearing capacity 
of the beams under the load cases provided by the 
norms, SIA (2003–2013).

In view of the problems highlighted by the vis-
ual inspection on the Ferreyres ramp, a series of 
soil samples were cored (see figure 11).

The result clearly indicated that the substrate is 
very compressible and not of the best quality. No 
viable alternatives to an approach (transition) slab 
were found. The transition slab has been conceived 

Figure 9. ”Ferreyres” joint, right side, displacement.

Figure 10. Water pipe behind the bearings “Ferreyres” 
abutment.

Figure 11. Position of the cores.

Figure 12. The new transition slab.
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according to the standards of the OFROU, see fig-
ure 12, ASTRA (2006), that has been satisfactorily 
used in many bridges.

The RUB joints are not any longer in the mar-
ket so a replacement will not be possible. Further-
more, the new “gap” joints meet high standards 
of performances and they have reduced noise (an 
interesting characteristic in an urban areas). The 
actual bridge was originally cambered by welding 
to straight half  beams and therefore did not offer a 
good comfort to users ( see figure 13).

In order to mend this problem the asphalt will 
be replaced with a modern material that will also 
permit to change the actual pitched shape with a 
curved one.

One of the main challenges in this project was to 
find a suitable technique to replace the fascia. Tan-
nery bridge deck is equipped of prefabricated fas-
cia that bears a safety fence (see figure 11). Fascia 
water tightness was long lost and the water dripped 
on the deck, damaging the concrete and promot-
ing the corrosion of rebars. Furthermore, the fence 
was simply embedded in concrete without protec-
tion and therefore rusting damaged also the fascia. 
A solution is indicated in figure 14.

The prefabricated fascia will be substituted by a 
monolithic element casted on place once refurbish-
ment of the concrete deck will be completed.

2.4 Field organization.

Repair of a bridge such as the Tannery bridge 
requires an attentive planning. Days of complete 
closure of the bridge must be minimized and it 
must be guaranteed that pedestrians can cross the 
bridge in order to shop in the large grocery store 

and to access the bank situated close to the Ferryres 
abutment. Vehicle traffic will be deviated in a tiny 
road that passes inside the valley (see figure 3).

3 CONCLUSIONS

The Tannery Bridge is rich of story and had accom-
panied the growth of La Sarraz for more than a 
century. The actual bridge is 50 years old and given 
the rapid change of the surrounding world is in 
good (structural) health. However, the degradation 
phenomena are accelerating and many equipment 
are in critical conditions. A careful visual inspec-
tion and a refurbishment project were undertaken. 
The conclusion of both studies is that today the 
refurbishment cost will be relevant, approaching 
one million CHF. The decision to undertake this 
refurbishment has been taken because the costs 
would be much higher in the medium term, if  the 
degradation mechanisms are not stopped and the 
damages are not repaired.
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Figure 13. A side view of the bridge.

Figure 14. The new fascia.
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ABSTRACT: Authors The mechanism of reinforced concrete structures degradation under the risk of 
carbonation and chloride corrosion and its relation to the life cycle of the structure are shown. The mod-
els of carbonation progress and chloride migration in concrete are analyzed. Preferences of hyperbolic 
model of carbonation and the special role of its asymptote as the limit defining the depth of carbonation 
have been shown. Conditions for the initiation of corrosion in concrete elements with particular attention 
to the critical chloride concentration are defined. Various methods of determining the distribution profile 
of chlorides in concrete with particular emphasis on the diffusion coefficient of chloride are discussed. 
Four possible procedures of determining apparent diffusion coefficient are shown. The first is a compu-
tational method based on theoretical equation of chloride distribution in concrete space between surface 
and maximal depth of measurements. The second one is based on the determination of chloride distribu-
tion model using “best fitting curve” method. The third one is estimative—graphical way of determining 
of diffusion coefficient and the fourth is the calculation of the expression erfc(b) from the equation of 
diffusion, on the basis of experimentally measured values of chloride concentration, and then, by using 
the tabularized values of erfc—determining the value of its argument (in parenthesis) and finally the value 
D0. Examples of using this procedures and threat of possible errors and mistakes are shown also. On this 
basis an algorithm for predicting the durability of concrete structures under conditions of potential cor-
rosion has been elaborated. The examples of the use of this algorithm are shown.

the limit states (including: capacity that relate to 
“human security and/or safety construction” and 
serviceability, which relate to “function of the 
structure or structural component under normal 
use, user comfort”) was adopted. According to 
Eurocode 2 [2], “Durable construction should meet 
throughout the period of use the requirements on 
serviceability, load capacity and stability, without 
significant reduction of the usefulness or excessive, 
unforeseen costs”. Therefore, durability will be 
maintained, if  the structure meets in service life the 
defined functions in terms of serviceability (limit 
states associated with reducing stress, cracks and 
deflections), load capacity and stability (capacity 
limit states – EQU, STR, GEO and FAT). Proper 
design of construction meet the service require-
ments at least for the expected service life. In fact 
however, the durability of the existing structure 
is affected by a level of uncertainty resulting on 
defects in design from one side, and execution and 
material on the other—with limited predictability 
of impacts related to the conditions of use. Pre-
dicting remaining useful life—the residual time of 

1 INTRODUCTION

Structure durability is considered by Eurocode 0 
[1] as one of the three basic assumptions in the 
process of design and substantially affects the 
adopted design and material solutions. According 
to the findings [1] “The structure shall be designed 
and installed in such a way that in the intended 
period of use (...) all the forces and influences 
expected during the implementation and use can 
be taken, and it remains useful to the intended use. 
The structure should be designed in such a way 
that the load-bearing capacity, serviceability and 
durability was appropriate. (...) The structure must 
be designed in such a way that the changes which 
occurs, during service life, taking into account the 
influence of the environment and the expected 
level of maintenance, don’t decrease the perform-
ance of the structure below the required level”. 
In order to meet these requirements, in the Pro-
gramme Structural Eurocode (including Eurocode 
2 – Construction of concrete) as the basis for the 
design according to the EC 0 [1], the concept of 

ICCRRR15_Fullpaper_Book.indb   933ICCRRR15_Fullpaper_Book.indb   933 8/27/2015   9:22:50 AM8/27/2015   9:22:50 AM



934

use (Figure 1) is often taken in the framework of 
technical expertise as part of the assessment of 
comfort of use, serviceability requirements and, 
consequently, also as part of the cost analysis or an 
element of repairs design.

In the case of the construction of reinforced 
concrete, one of the main threats to the durabil-
ity is the corrosion of reinforcement. In practice, 
the corrosion of rebars is a major—beside the 
frost corrosion—the cause of the destruction of 
concrete structures [3,4] in the case of structures 
elements exposed at atmospheric conditions. Steel 
reinforcement in the concrete environment is pro-
tected against corrosion with concrete cover till 
the moment of the protection ability loose. This 
stage of degradation of the structure, called the 
stage of initiation (Fig. 1), usually takes many 
years and can be treated as life of the structure. 
Time of initiation of reinforcement corrosion can 
be identified with the depletion of serviceability 
limit state, but it does not mean the depletion of 
load-bearing capacity. Then, the steel corrosion 
proceeds at a certain rate, leading to disruption 

of the cover and exposure of the rods surface, and 
as a result the fast reduction of cross section of 
the reinforcement, up to the loss of load-bearing 
capacity of the structure. Corrosion of reinforce-
ment in concrete can be caused by various factors, 
but the most common causes are the carbona-
tion of concrete (dealcalisation of cover) and the 
impact of chloride ions migrating through the 
concrete cover to the reinforcement. Both effects 
lead to the destruction of the passive film on the 
steel surface; it initiates corrosion. Most reinforced 
concrete structures with not protected surface are 
exposed to the impact of environments classified 
in groups of exposure classes XC (carbonation) 
and XD or XS (chlorides). Most concrete struc-
tures are charged under different exposure classes 
simultaneously, which according to EN 206-1 
requires consideration of the necessity of increas-
ing the level of material protection by one level in 
relation to the most stringent requirements under 
the different exposure classes.

This paper presents a proposal for the use of car-
bonation process model (own model [5,6,7,8,9,10]) 

Figure 1. Degradation level of reinforced element as an effect of reinforcement corrosion (on the basis of [3,4,45]).
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and the model of migration of chlorides in con-
crete coating to evaluate the durability of rein-
forced concrete elements.

2 CARBONATION AND CHLORIDE 
AGGRESSION AS THE FACTORS 
AFFECTING CONCRETE ELEMENTS 
DURABILITY

2.1 Concrete carbonation—the effect on 
reinforced concrete, factors controlling the 
course, models of progress in time, idea 
of self-terminating nature of carbonation 
repairing the new file with the correct 
template

Concrete carbonation can be defined as complex 
physicochemical changes in concrete under long-
term influence of  carbon dioxide. Carbon dioxide 
is permanently present in atmospheric air, out-
side and inside of  buildings. Volumetric content 
of  CO2 in the air is ca. 0.03%, but in industrial 
zones and along main roads it could be up to 
0.3%, or locally more, so that carbonation can 
progress continuously, especially in concrete with 
no surface protection [2,3]. This primarily con-
cerns the elements of  engineering structures such 
as bridges, viaducts, tunnels, road pavements, car 
parks etc.

Main chemical mechanism of carbonation is 
reaction of atmospheric CO2 with calcium hydrox-
ide from cement hydration with release of calcium 
carbonate and water:

Ca(OH)2 + CO2 → CaCO3 + H2O

Others concrete compounds, such as lime from 
hydrated aluminosilicates, can be partially carbon-
ated, but this process is possible only in a high 
CO2 concentration and its influence on concrete 
is limited. Basic carbonation product—calcium 
carbonate—crystallizes in concrete pores. Small 
quantities of silica, alumina and ferrous oxide are 
also produced as products of CSH carbonation. 
The rate of carbonation—progress in time depends 
on external conditions as well as on concrete 
properties and processes of structure execution. 
Main negative effect of carbonation is decreas-
ing of concrete pH, which is one of most frequent 
cause of reinforcement corrosion and ferrocement 
destruction. Carbonation can be considered as one 
of the most important factors causing concrete 
structures destruction [3,4].

The rate of carbonation is determined by differ-
ent internal and external factors. Between external 
factors very important are: CO2 concentration, 
humidity and air temperature. Internal factors are 

related to concrete composition, type and content 
of binder and water-cement ratio, which determine 
tightness of concrete microstructure. Also an early 
curing of concrete plays important role. Generally 
rate of carbonation:

− increases proportionally to square root from 
CO2 concentration in the air,

− increases with increase of relative humidity up 
to 70–80%, but if  pores are fully water saturated, 
speed of carbonation decreases,

− increases with cyclic changes of temperature and 
pressure,

− increases with increase of water-cement ratio,
− decreases with tightening of concrete structure,
− decreases with increase of cement content in 

concrete.

Prognosis of changes of depth of carbonation 
in time is possible with use of mathematical models 
of carbonation progress in time. Such models were 
presented by many authors—Wieczorek [5], Slopk-
ova [6], Papadakis [7], Ishida/Maekawa/Soltani [8] 
and others. Foundation of their models was Fick`s 
low, which describes speed of diffusion. Final 
result of carbonation modeling is power function 
of time with exponent ½.

h = A (t)1/2 + B (1)

where h – depth of carbonation, t – time of exposi-
tion, A,B – coefficients which depends on internal 
and external factors.

Different researchers show in their works differ-
ent forms of such a model, with use of supplemen-
tary variables, such as w/c, time of early curing, 
binder characteristics and others. Presumption 
that carbonation process is a power function of 
time of exposition, is equivalent to find a process 
as unlimited in time, and it is unlimited in depth of 
concrete. Fick`s law refers to gas diffusion through 
substance immutable in time and for such a case 
formula (1) would be justified. But concrete is a 
material in which deep physicochemical changes 
occur in time, due to carbonation process. Changes 
of pores structure, overgrowth of carbonation 
products in pores, lead to changes of CO2 diffu-
sive ability in time, which can bring a decreasing 
of carbonation process intensity, down to stabilize 
a constant depth of carbonation. This nature of 
phenomenon was mentioned by Fagerlund [9], 
Fiertak [12].

Scientific research were conducted within many 
years in the Department of Building Materials 
Engineering on Warsaw University of Technology 
under the guidance of L.Czarnecki and were pub-
lished in [6,9,10,19], being a basis of Więcławski`s 
PhD Thesis [10,11,12,13] and monographic publi-
cation of Woyciechowski [7].
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Those works conclude that concrete carbonation 
in urban-industrial conditions can be described 
with hyperbolic function of time (reciprocal square 
root of time), which have asymptotic value parallel 
to time axis. This asymptote is a limit of carbona-
tion depth. Traditional and hyperbolic models of 
carbonation are showed on fig 2. Hyperbolic car-
bonation model has a following form:

h = a(w/c) + b(cp) + c(t−0,5) (2)

where: h – depth of  carbonation, mm, w/c – 
water-cement ratio, cp – early curing time, days, 
t – time of  exposition, years, a,b,c – coefficients 
which describes relevance of  influence of  w/c, 
early curing and exposition time on depth of  car-
bonation. It was stated that parameters (a,b,c) 
mainly depend on binder properties, presence 
of  mineral additives and, especially, on CO2 
concentration. Similar models were elaborated 
for different types of  concrete, particularly with 
use of  Portland cement and cement incorporat-
ing slag and fly ash. SEM analysis shows differ-
ent density of  concrete structure in carbonated 
and non-carbonated zone. It was stated that all 
results are in accordance with hyperbolic model 
h = f(1/t0,5), regardless of  binder composition, but 
various function characteristic coefficients were 
obtained for various cements. Determination of 
carbonation hyperbolic model allows to specify a 
maximum depth of  carbonation and compare it 
with the thickness of  reinforcement cover in the 
analyzed element.

This allows to assume if  there is a risk of cor-
rosion due to the carbonation and to estimate the 
time when the carbonation front will reach the 
reinforcement, which can be considered as a time 
of corrosion initiation (fig. 1).

2.2 Chloride aggression—effect on reinforced 
concrete, source of chloride, factors regulating 
migration, model of chloride diffusion in 
concrete

Chloride ions Cl− are highly aggressive to steel rein-
forcement. Chloride concentration growth on steel 
surface up to critical value leads to corrosion cell 
formation and rapid change of steel potential. This 
is associated with passive layer damage by Cl− ions. 
Chloride critical concentration level depends on 
hydroxyl ions content in concrete, which is related 
to cement type, additives and progress of carbona-
tion, resulting in the OH− ions content decreasing. 
Usually, it is assumed that steel depassivation in 
concrete takes place when Cl− ions content to OH− 
ions content ratio exceeds 0.6 [13].

Chloride corrosion of reinforcement is pitting 
type and leads to cross-section reduction with 

simultaneous deposition of corrosion products in 
anodic zone. The corrosion products have a larger 
volume then initial bar volume, so the mechanical 
destruction of concrete cover takes place. The criti-
cal presence of chlorides in concrete components 
is limited by the requirements of the standards 
for the aggregates, cement type, admixtures and 
additives. The impact of chloride from the exter-
nal environment is typical for marine structures, 
but also for objects exposed to chemicals winter 
maintenance of roads, i.e., the elements of bridges, 
tunnels, viaducts, trestle bridges, paving roads and 
parking lots. Contamination of the gaseous chlo-
rides or solutions, is also found in many industrial 
buildings.

To predict the progress of chloride corrosion, 
model of Cl− ions migration in concrete is needed. 
Diffusion of chlorides in concrete is the complex 
process and changes over time. Partially ions can 
be bound by concrete components (e.g. Friedel salt 
formation) but release of ions bounded in concrete 
components is also possible [14]. Necessary condi-
tion for chloride diffusion is moisture in capillary 
pores, wherein the higher is the degree of pores 
saturation with water—the faster is the diffusion. 
In air-dry pores chloride migration ceases. In the 
literature [2,3,14,15,16] a model of chloride diffu-
sion is given.

The penetration of chloride ions into the con-
crete by diffusion is generally described by the 
equation of chloride concentration distribution 
(C) derived from the Fick's law (Fig. 3) as

C C x
t DiCC i

i

.( )x ti it +CiC ( )C CiC CC
⎛

⎝
⎜
⎛⎛

⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
CCC

0DD
0 5.erfc

 

(3)

where:

− Ci – initial chloride concentration in concrete 
(t = 0, in points x > 0),

− C0 – chloride concentration on concrete surface 
( at point x = 0),%

− C(xi, ti) – chloride concentration at a distance xi 
from surface after migration time ti, %

Figure 2. Power (1) and hyperbolic (2) models of 
carbonation.
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− D0 – diffusion coefficient, cm2/s
− t – migration time, s

This model allows to determine the apparent 
diffusion coefficient for the concrete in construc-
tion on the basis of chloride penetration test and 
determines the time when the critical concentration 
would reach the depth of reinforcement [17].

Equation (3) is based on a number of simplify-
ing assumptions:

− ti = 0 - means the time of first contact of the 
concrete surface with chloride ions;

− Concrete is the quasi-homogeneous, semi-infi-
nite medium;

− D0 = const, in stabile material and environmental 
conditions;

− C0 = const, in the time from t = 0 to t = ti;
− Ci = const, in the concrete area from   x = 0 to 

x = xi.

This simplification defines an area of the uncer-
tainty of estimation of chloride ions diffusion into 
the concrete by means of equation (3). Neverthe-
less, it is a good tool for engineering assessment of 
chloride corrosion risk for reinforcement concrete 
structures.

General scheme of the procedure of forecasting 
is as follows:

 1. experimental determination of the profile of 
chlorides distribution in concrete;

 2. the appointment with mathematical methods 
based on the resulting profile—the value of 
apparent diffusion coefficient D0;

 3a. determination of chloride concentration in the 
reinforcement zone according to equation (3) 
adequate to the time of service life (durabil-
ity), or alternatively

 3b. determination—from the transformed equa-
tion (3) – the time when the critical concentra-
tion will be achieved in reinforcement zone.

The chloride distribution profile as a function of 
distance from the exposed surface can be deter-
mined by various methods, including: the taking of 
thin layers of concrete (concrete dust) from differ-
ent distances from the surface and then measuring 
the chloride content in the samples (the chloride 
content—that is soluble in water or the total con-
tent—that is soluble in acid).

There are also colorimetric method based on 
applying a silver nitrate solution, which reacting 
with free chloride ions forms silver chloride. Due 
to the fact that AgNO3 changes color under UV 
radiation it is possible to determine the zone   con-
taminated with chlorides [22,26,27].

Investigation of chloride ion concentration 
distribution in the concrete may also be con-
ducted using a variety of electrochemical methods 
described inter alia in [21,27,28,29,30]. The tests 
may be carried out in relation to the concrete sam-
ples treated with the chlorides in the laboratory, in 

Figure 3. Graphical interpretation of the first (A) and second (B) equation of Fick’s Laws, underlying the distribu-
tion of concentrations of chloride ions in concrete (inspired after [25]).
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Figure 4. An example of the determination of the dif-
fusion coefficient using the second procedure for a set of 
measurements; C0 = 0.65, Ci = 0.2; f(x) and g(1) - func-
tions (6) for two values of parameter a (0.2 and 0.4); h(x) 
- the equation of the tangent to the curve g (x) best fit to 
the results; crosses—results of measurements.

which idealized course of diffusion is obtained, tak-
ing into account only the material factors (includ-
ing the presence of cations in the concrete, which 
slow down the rate of diffusion of chloride anions) 
and external concentration of Cl-ions [23]. In case 
of testing by extraction, carried out on the samples 
collected from the structure, distribution profile of 
chloride ions obtained from investigation is more 
representative because it takes into account all 
other disruption of diffusion which occurs during 
the lifetime of the analyzed element. First of all the 
effect of stress state in the course of diffusion is 
integrated in profile of chloride diffusion[44].

Chloride concentration measured at different 
depths can be the basis of determination of distribu-
tion profile of concentration Cx in the space between 
0 (surface of element) and x (maximum depth of 
measurement). The general model form assuming as 
a result of the equation (3) is as follow:

C C x
tDiCC +CiC ( )C CiC CC

⎛

⎝
⎜
⎛⎛

⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
CCC

0DD
0 5erfc .

 

(4)

Determination of the apparent diffusion coef-
ficient is possible in several procedures.

The first is a computational method, and 
involves the use of the equation (4). This function 
has a horizontal asymptote (equation C = Ci). It 
could be noted that at the point of the ordinate 
(0, C0) tangent to the function (4) can be expressed 

by the equation ∂
∂

= −C
x

C C−
tD

iCCx =C CCCC

0DDπtt
, and intersecting 

the horizontal asymptote of the function (4 ) at the 
point with abscissa a tDπtt 0DD . So the equation of 
the tangent to the curve of the profile at the point 
(0, C0) can be determined, then the value a, and 
then—knowing the exposure time t, one can calcu-
late the value of the diffusion coefficient D0 as:

D a
t0DD
2

=
πtt  

(5)

The difficulty of such a procedure is related to the 
lack of formulas of the error function erf or comple-
mentary error function erfc in libraries of standard 
statistical programs. However, taking into considera-
tion that the function erfc (x) is defined as:

erfc e zz( )z −∫2 2

π
d

 
(5a)

the formula (4) can be simplified to the formula 
(6)

C C et tCC bx+CtCC ( )C CtC CCCCC , (6)

where b
tD

= 0 5

0DD
. , which can be used for analysis 

according to the “best fitting curve” method. It is 
the basis of procedure two (fig. 4). For equation 
(6) it can be calcualted tangent line in point (C0,0) 
and coordinates (Ci,a) of  point of its crossing with 
asymptote Ci for equation (6). Then, using formula 
(5) diffusion coefficient D0 can be determined.

The third procedure is also possible [25], by 
estimative—graphical—way of determining the 
tangent in point (C0, x0) and an a value (fig. 5).

A common practice is also the fourth method, 
i.e. the calculation of the entire expression 

erfc x
tD

0 5

0DD
.⎛

⎝
⎜
⎛⎛

⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
 on the basis of experimentally meas-

ured values of C0 and Ci, and then, by using the 
values of the function erfc—determining the value 
of its argument, z and finally the value D0. The 
averaged results for a number of pairs of values 
(Ci, xi) is taken as the diffusion coefficient of the 
concrete under certain conditions. This method is 
possible to use even in the case of two pairs of val-
ues (Ci, xi), which makes it a very practical tool but 
usually not enough accurate.

It should be stressed that further simplification 
of equation (6) by assuming b = 1, which leads to 
formula (6a):

C C et tCC x+CtC ( )C CtC CCCCC  (6a)
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is unjustified, and usually wrong in result. This 
assumption causes the a value being independent 
from Ci (fig. 6), which is against the physical sense 
of diffusion as an effect of concentration gradient.

2.3 Conditions of corrosion initiation in concrete 
elements 

It is believed [3,4,31] that the moment of the ini-
tiation of corrosion means the loss of durability, 
although this doesn`t necessary mean the exceed-
ing of ultimate state of capacity. It can therefore 
be assumed that the effective life of the element is 
equal to the time of initiation of corrosion (Tcor). 
This assumption is strictly true in the case of pre-
stressed concrete elements, in which both the design 
of the reinforcement (the bundle of thin tendons) 
and the effects of corrosion (sudden destruction), 

Figure 5. Graphical determination of diffusion coeffi-
cient based on the distribution profile of chlorides (pro-
cedure three).

Figure 6. Incorrect result of determining the diffu-
sion coefficient using the second procedure, assuming a 
simplified model by equation (6a). Assuming a constant 
value C0 = 0.65% gave a value of a = 0.75, regardless 
of the value Ci, equal respectively 0.1%, (A), 0.2% (B) 
and 0.4% (C).
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argue in favor of such a strict criteria of durabil-
ity. In reinforced concrete structures is also possi-
ble to consider the further progress of corrosion of 
reinforcement after the initiation—loss of the steel-
concrete bond, the reduction in the area of rein-
forcement cross-section till the loss of capacity.

Depth of carbonation—range of decreased pH 
value vs concrete cover thickness.

The real risk of corrosion of reinforcement due to 
carbonation is associated with a reduction in the pH 
of the concrete cover to a critical level, that is, pH 
level at which the depassivation of steel occurs. Even 
a slight reduction of the natural pH of the concrete 
causes deterioration of the protective cover. Already 
pH level of approx. 11,5 is considered to be dan-
gerous for reinforcement. In practice, however, a 
lower critical value of pH is adopted. Standardized 
methods for measuring the carbonation [32,33,34] 
use the deep purple indicator (phenolphthalein), 
which allows to determine the range of the front of 
pH = 8,3. With such a low pH value the level of rein-
forcement corrosion is already intense. In the diag-
nostic activities the use of other color indicators is 
also recommended, for determining the intermedi-
ate pH levels (e.g. thymolphthalein—a pH of about 
10,5; thymol-phenolphthalein – pH = ca. 9,5) or even 
universal indicator (called “rainbow test”), which 
allows to estimate the distribution of the pH in the 
concrete cover [35]. Time after which the critical pH 
reaches a reinforcement is the time of initiation of 
corrosion. The time of this process varies with car-
bonation level significantly. So to estimate the time 
when the front of the carbonation reaches the rein-
forcement, this rate should not be taken as a con-
stant value, although this approach is also indicated 
in the literature [4,11]. A more correct procedure 
requires investigation of the course of carbonation 
and developing of a model of the process for the 
concrete. The model can be determined by an accel-
erated method in a increased concentration of CO2 
(to 1% [33]; to 4% [34]). The rate of carbonation in 
such conditions is higher than under natural condi-
tions, but the maximum value—asymptote of the 
model (2)—as shown by the study [7], in a case of 
accelerated carbonation is slightly higher than that 
obtained in natural conditions. Thus, the adoption 
of the asymptote obtained in accelerated research 
in predicting the final depth of carbonation leads to 
increasing the safety margin in estimation.

Predicting durability under the corrosion caused 
by carbonation requires the adoption of two basic 
assumptions which determine both the predicting 
methodology and its outcome (Table 1):

− critical pH initiating corrosion of 
reinforcement,

− the method of determining a maximum depth 
of carbonation.

Each of the concepts presented in Table 1 can be 
used to predict the durability, while the limitations 
identified in the table 1 can be regarded as an ele-
ment of uncertainty of the prognosis.

Chloride ions—critical concentration in different 
conditions

Risk of chloride corrosion is associated with 
the migration of chlorides through the pores of 
the concrete until the critical concentration of 
Cl-ions reaches the surface of the steel reinforce-
ment. The critical chloride content which initiates 
corrosion is expressed in the reference documents 
as a percentage of weight of cement in the con-
crete or a weight of concrete. The critical values 
are defined as the total chloride content of all con-
crete ingredients (aggregates, cement, water, addi-
tives and admixtures) and chlorides from external 
sources. These values vary from reference docu-
ments [36,37,38,39,40,41], both because of the 
different research methods, as well as due to the 
properties of the element and exploitation condi-
tions (Table 2). Application of the test methods by 
dissolving in water or in acid leads to significant 
differences in the results. The higher critical con-
centrations are achieved by dissolution in acid. 
Differentiation of requirements depending on the 
characteristics of the element comprises a type of 
reinforcement (reinforced concrete, pre-stressed 
concrete, post-tensioned concrete) and the condi-
tions of production and exploitations (wet con-
ditions of use, external access of chlorides, heat 
treatment in the production). Initiation of corro-
sion involves primarily damage of the passive layer 
on the steel occurring after exceeding the critical 
values of molar concentrations of Cl¬¬- and 
OH-. Assumption of the critical concentration of 
chlorides on the basis of guidelines given in Table 2 
is a necessary step in predicting the durability of 
elements [42].

Acceptable chloride level (Ac in table 2) is speci-
fied without taking into account the effect of 
mineral additives presence in concrete. It is well 
known from many published results, that “accept-
able chloride level” would decrease as the fly ash 
content increases in concrete [46]. The effect of 
ground granulated blast furnace slag is opposite—
the presence of slag in concrete increases accept-
able chloride level [47]. Very useful for comparison 
of different concretes durability under chloride 
aggression could also be a ratio of acceptable 
chloride level and chloride diffusion coefficient, 
described by Cheewaket et al. [46].

Table 1. Basic assumptions for predicting 
durability under the risk of reinforcement corro-
sion caused by concrete cover carbonation [7].

Acceptable chloride level (Ac in table 2) is speci-
fied without taking into account the effect of 
mineral additives presence in concrete. It is well 
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known from many published results, that “accept-
able chloride level” would decrease as the fly ash 
content increases in concrete [46]. The effect of 
ground granulated blast furnace slag is opposite—
the presence of slag in concrete increases accept-
able chloride level [47].

Very useful for comparison of different con-
cretes durability under chloride aggression could 
also be a ratio of acceptable chloride level and 
chloride diffusion coefficient, described by Chee-
waket et al. [46].

3 ALGORITHM OF CONCRETE 
CONSTRUCTION DURABILITY 
PREDICTION UNDER THE RISK OF 
CORROSION

Durability of  construction or element is usu-
ally needed to be predicted when the deterio-
ration process, which could shorten service life 
of  element, is observed. The main aim of  the 
prognosis is to adopt the appropriate structure 
management options, according to EN 1504–9 

Table 1. Basic assumptions for predicting durability under the risk of reinforcement corrosion caused by concrete 
cover carbonation [7].
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Table 2. Classes of chloride content in concrete.

[26]. This standard (in section 5) provides dif-
ferent options of  structure management, rank-
ing from “do nothing for a certain time but 
monitor”, through “re-analyze the structural 
capacity, possibly leading to downgrading in 
function”, “prevent or reduce further deteriora-
tion”, “strengthen or repair and protect all or 
part of  the concrete structure” to “reconstruct 
or replace all or part of  the concrete structure” 
or “demolish all or part of  the concrete struc-
ture”. Prognosis of  durability is thus an impor-

tant tool for decisions on repair principle and 
repair design according to the requirements of 
standards EN 1504 series.

Recommended approach to the durability prog-
nosis could help not only to manage the construction 
during its service life but also to create construction 
robustness at the stage of designing. This would 
involve different scenarios of construction life.

The algorithm of prognosis (figure 2) includes 
“in situ” diagnostic tests and laboratory tests on 
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the samples taken from the structure and compu-
tational analysis, conducted on the basis of the 
obtained results. Prognosis, as a rule, is carried out, 
assuming that no repair will be done. In the first 
stage it is necessary to identify the main structural 
parts of the object and determine its technical con-
dition, including, in particular, defects and damage 
affecting durability. Then the environment condi-
tions for the elements should be identified, includ-
ing classes of exposition according to EN 206-1[20] 
and EN1992-1-1[27]. Based on the analysis of 
the findings above and the analysis of the design 
documentation, it shall be determined which com-
ponents of the structure are the most at risk of cor-
rosion. For the selected elements the subsequent 
analysis of durability is carried out, independently 
for carbonation and chloride aggression risk.

With regard to the risk of carbonation, pre-
dicting the durability involves estimation of time 
Tcarb, when the carbonation front reaches a depth 
of the steel reinforcement, using methods and indi-
cators given in Table 1. Obtained time Tcarb is the 
residual service life of the element until the initia-
tion of corrosion caused by carbonation. In case of 
significant cracks in element, it is recommended to 
check the depth of carbonation in cracks, in which 
the rate of carbonation is usually greater than in 
non-cracked place.

With regard to the risk of chloride aggression, 
predicting the durability involves:

− determination of the critical concentration of 
Cl- or a given element (the element type, con-
ditions of element production and exploitation, 
methods of determination of Cl- content),

− determination of diffusion coefficient of Cl- 
ions in the concrete, based on measurements of 
chloride concentrations at the surface and in the 
depth of concrete, with use of methods specified 
in Chapter 2.2,

− identification of  possible routes of  chlorides 
penetration to the reinforcement. External 
sources of  Cl- should be established, places 
where they are in contact with an element, 
routes of  their transport, including the flow of 
polluted water, which is in many cases the main 
source of  chlorides. Knowing the critical con-
centration, diffusion coefficient and migration 
routes, the times to reach the critical concentra-
tion for reinforcement (tCl1, tCl2,... tCln) can 
be determined for different routes of  migration. 
The time of  the shortest value, calculated as:

TCl = min (tCl1, tCl2,... tCln) (7)

is considered a residual service life of the ele-
ment, remaining to initiate chloride-induced 
corrosion. Minimum of Tcarb, tCl1, tCl2,... 

tCln, allows to estimate the expected residual 
service life (Tcor) under conditions of corrosion 
caused by chlorides and carbonation:

Tcor = min (TCl, Tcarb). (8)

Following the above analysis based on measure-
ments in the construction and on samples taken 
from the construction, ensures that the synergistic 
effect of chloride migration processes and car-
bonation will be taken into account. Synergism of 
carbonation processes and migration of chloride, 
affects the characteristics of concrete examined 
in the construction (carbonation depth, diffusion 
coefficient). Therefore, it is included in the progno-
sis through the adoption of real concrete proper-
ties to the modeling and prediction. In the case of 
predictions based solely on the basis of laboratory 
tests or indicators drawn from the literature, the 
prognosis is subject to greater error, resulting not 
only from the approximate values of adopted char-
acteristics, but also from difficulties in taking into 
account the synergy effect.

Knowledge of Tcor and Tw (current time of 
exploitation) values allows to calculate a reduction 
of element durability Tr, % as follows:

Tr = [1- (Tw+Tcor)/Td] × 100 (9)

where Td is designed service life durability of 
element.

4 EXAMPLES OF THE DURABILITY 
PREDICTION OF THE COMPONENTS 
EXPOSED TO THE RISK OF CHLORIDE 
CORROSION

There will be two examples presented of residual 
service life prediction of floor slabs exposed to chlo-
ride corrosion. In the first case, the subject of analysis 
is the pre-stressed hollow core slab and in the second 
case—similar reinforced concrete slab. With regard 
to the first example, the methodology according 
to the fourth procedure (discussed in Section 2.2.) 
was carried out, because of having an insufficient 
number of measurement points at different depths of 
concrete. In the second example the second method 
for dispatching the measurement results for the five 
concentrations of chloride depths was used.

Example 1
The floor was made of the pre-stressed hollow 
core slabs, which were placed on the prefabricated 
beams and pillars. On the surface of HC slabs the 
layer of concrete topping was performed, finished 
with the thin epoxy resin coating on top as a pro-
tective layer (Figure 8).

ICCRRR15_Fullpaper_Book.indb   943ICCRRR15_Fullpaper_Book.indb   943 8/27/2015   9:22:55 AM8/27/2015   9:22:55 AM

  



944

Figure 7. Algorithm of concrete construction durability prediction under the risk of corrosion [8].
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Figure 8. Floor construction.

After 5 years of exploitation, cracks and other 
damage have been observed on the surface of the 
floor. Some cracks were through the whole thick-
ness of the slab and topping cover. Improper shap-
ing falls on the floor resulted in stagnant water, 
often contaminated by the de-icing agents. Cracks 
were the migration ways through the surface of pre-
cast concrete and further into the hollow cores in 
the pre-stressed slabs. Analysis of the construction 
has showed that the most vulnerable is the corro-
sion of the pre-stressed tendons in slabs. The tests 
were performed on the cores drilled in the concrete 
topping and the top part of the precast elements.

It was found that the extent of carbonation of 
concrete top layer (tested thymolphtalein indicator) 
in cracks reached or exceeded the level of the ant-
ishrinkage fabric and effect of corrosion was visible. 
This process applies not structural element, which 
can be treated as interchangeable, so its destruc-
tion does not affect the durability of the structure. 
There has also been studied the depth of carbona-
tion of concrete slabs and found out that it was 
negligibly small at the measurement accuracy of 

1 mm. It was found that the risk of reducing the 
durability of the structure only as a result of car-
bonation is negligible.

The chloride ions concentration was tested on 
the surface and inside the concrete of floor slab on 
the depth of 10 mm from the top surface (Fig. 9). 
It was found the presence of chloride ions of simi-
lar concentration to the upper surface as well as on 
the side surfaces (in the joints between neighboring 
plates) and inside the channel. Using equation (6) 
diffusion coefficient for various sections of the floor 
slab was determined by the fourth procedure. The 
fourth method was selected for each profile because 
only two concentration values at the surface and at 
a depth of 10 mm were known. Evaluated diffusion 
coefficient was in the uncracked section D1 = 1 × 10−8 
and cracked in section D2 = 2.0 × 10−7cm2/s

Possible migration paths to the tendons were 
determined for chlorides by analyzing the struc-
ture of the floor (Fig. 10). A critical concentration 
of Cl− ions was assumed as equal to 0.1%, as for 
the precast elements produced using the heat treat-
ment (class Cl 0.10, pos. 3, Table 2).

Figure 9. Chloride concentration on the surface and in the upper zone of hollow-core pre-stressed slab, dimensions 
in [mm].
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Finally, for durability estimation following 
assumptions were done:

• Critical Cl− concentration in concrete 
Ccrit = 0.1% m. c.

• Initial Cl− concentration in concrete 
Ci = 0,01% m.c.

• Diffusion coefficient in cracked concrete cross-
section D1 = 2.0 × 10–7 cm2/s

• Diffusion coefficient in uncracked precast con-
crete element D2 = 1.0 × 10-8 cm2/s

• Maximum Cl− concentration on the surface of 
the precast element C0 = 0.66% m.c.

On the basis of the determined values, the time 
tCln to obtain a concentration of 0.1% Cl on the 
tendon surface (Table 3), was determined using the 
formula (6) - figure 11.

Risk analysis of chloride aggression, shows 
that the remaining time (Tcor) of ceiling use in 
the pessimistic scenario is equal to TCl = 3 years 
(Table 3). It is likely, if  chloride ions will permeate 
the hollow void to the tendons (minimum 24 mm). 
If  we assume that migration will take place from 
the joints between the panels to the tendon (mini-
mum 50 mm), this period may be extended up to 
19 years.

In the case of load-bearing elements such as ceil-
ings, expected life in accordance with the Euroco-
des [1,2] should not be less than 50 years (Td = 50 
years). Taking into account the period of 5 years 
of exploitation (TW = 5 years) and the calculated 
values of the residual time of use (Tcor = 3 to 19 
years old), it can be estimated that there was a 
55–80% reduction in the durability of the floor.

Example 2
The element under consideration is a reinforced 
HC concrete slab (Fig. 12), exposed to the aggres-
sion of the chloride from the top surface, wherein 
the chloride concentration determined empirically 
to a depth of 6 cm after 1,5 years of exposure are 
shown in the graph (Fig. 13). It was assumed that 
the starting chloride content of the concrete match 
the class Cl0,20, was 0.2% m.c.

The second procedure was adopted for deter-
mining the coefficient of diffusion—the equation 
of the fitted curve (correlation = 0.94 al) and deter-
mined value of a = 2.25 is shown on Figure 13. For 
the values of a = 2.25 and exposure time t = 1.5 
years diffusion coefficient D0 = 3,4 × 10−8cm2/s was 

Figure 10. Possible routs of chloride migration, dimen-
sions in [mm].

Figure 11. The changes in time of the front of chloride 
concentration of 0.1% mass of cement, in the case of the 
value of the diffusion coefficient D1 and D2, respectively.

Table 3. Estimation of initiation time of pre-stressed tendons corrosion C(x,t) = 0.1% m.c., D1 = 2.0 × 10−7 cm2/s 
D2 = 1.0 × 10−8 cm2/s C0 = 0.66% m.c.

Conditions of migration

Through the upper flange of 
slab and from the bottom of 
the hollow void to the tendon

From the joints 
between slabs 
to the tendon 

From the bottom of 
the hollow 
void to the tendon

Shortest way from 
the  hollow void 
to the tendon 

Rout of migration, mm/diffusion coefficient

25/D1+33/D2 50/D2 33/D2 24/D2

Time to reaching 
concentration Cl = 0,1% 
m.c. on the level of 
tendons, tCln, years

12 19 6 3
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determined. Further procedure is similar to the 
first example, and requires consideration of the 
location of the reinforcement in the slab and esti-
mation of the migration paths of chlorides.

It is worth noting that it is essential for the 
result of this modeling, which value is accepted as 
a starting chloride content of the concrete uncon-
taminated, i.e. before occurring of the outside chlo-
ride aggression. It can be specified such a value on a 
sample taken from a suitably deep zone of concrete 
(which the chloride ions have not yet reached).

5 CONCLUSIONS

It is common to assume that the durability of 
structures in corrosive environments is adequate 
to reaching the front of  carbonation and chlorides 
the zone of  reinforcement. This assumption is 

someway arbitral but a safety base for the progno-
sis. From the moment of  inhibition of  rebar cor-
rosion the further structure life time is determined 
by the steel corrosion rate. A concrete crack inhi-
bition occurs due to the overgrowth of  corrosion 
products of  rebars; a consequences are the loss 
of  concrete adhesion to reinforcement and the 
propagation of  crack in the concrete cover. Sub-
sequently the reinforcement cross-section area is 
reduced down to the loss of  the bearing capacity.

This assumption is also justified by practical 
considerations, as it often marks the end of the 
possibility of the repair action.

It is obvious in the light of presented study, 
that the moment of initiation of steel corrosion 
is simultaneously the start moment of the occur-
rence of structure duration threat. Two models of 
estimation of steel corrosion initial moments have 
been presented separately in case of carbonation 
and chloride corrosion risk. The structure resid-
ual life time and expected reduction of durability 
under the given conditions could be evaluated with 
use of author`s algorithm.
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Using existing inspection data to probabilistically estimate the time-to-
rehabilitation for concrete bridges exposed to deicing salts and humidity
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ABSTRACT: Being able to reliably predict the time-to-rehabilitation of aging bridges is a major issue 
in cost-effectively maintaining these in safe and operational condition. This task is seriously hindered by 
the high uncertainties that govern the deterioration rate and the lifetime of bridges. In the present work, 
a method is proposed to probabilistically estimate the time-to-rehabilitation of a bridge. For this purpose, 
data from a large-scale database of the US Federal Highway Administration are utilized, which include age 
and structural condition information for several thousands of bridges. This information reveals the effect 
of bridge exposure to environmental factors such as deicing salts, humidity and chlorides, among oth-
ers. According to the proposed method, the available data are first appropriately processed and adjusted 
using shifting and scaling procedures. Weibull distribution functions are then fitted to the data to evaluate 
condition probabilities and estimate the time-to-rehabilitation. The method is successfully tested on a real 
sample of 33,810 concrete bridges of various ages, which are exposed to deicing salts and humidity.

to predict the future stock condition are essen-
tial. Various deterioration models exist and vary 
from simple linear regression models (Fitzpatrick 
et al. 1981) to much more involved Markov chain 
models (Madanat et al. 1995, Ng & Moses 1996). 
Recently, in order to improve the prediction 
accuracy for bridge conditions, new approaches 
were applied, such as Weibull Analysis (Agrawal 
et al. 2010), Artificial Neural Networks (Huang 
2010) and Bayesian Dynamic Beliefs (Rafiq et al. 
2015). These deterioration models use previous 
years’ structural condition data to trace condition 
changes and estimate the probability of transition 
from a condition rating to another.

In the present work, a novel method is presented 
to probabilistically estimate the future structural 
condition of a bridge. For this purpose, real data 
maintained by the Federal Highway Adminis-
tration (FHWA) for USA bridges are exploited. 
The National Bridge Inventory (NBI) of FHWA, 
which is updated annually, contains a considerable 
amount of information and describes the struc-
tural condition of over 500,000 bridges (FHWA 
1995). The new method presented herein uses the 
NBI database of a single year to calibrate a proba-
bilistic model for predicting the structural con-
dition of a bridge over time. Thus, all bridges in 
the data-stock processed are used, based on their 
ages, to represent the condition of a single bridge 
during its lifetime. Hence, the portion of bridges 
being in a certain age and condition represent the 
probability of the bridge under study to be in the 

1 INTRODUCTION

During the last decades vast budgets have been 
spent to maintain aging infrastructures all over the 
world. The 20th century’s increased construction 
activity has led, in particular, to the accumulation 
of bridges, forming stocks, which are deteriorating 
with age. Aging bridges need continuous interven-
tions either in the form of maintenance or major 
rehabilitation. Reliably estimating the deterioration 
rate and the lifetime of bridges are essential aspects 
in determining optimal programs regarding main-
tenance and/or rehabilitation. This could assist 
decision makers in both elongating the useful life 
of bridges and controlling their structural safety 
in a cost-effective manner. However, the structural 
performance of bridges in time is governed by 
high uncertainties, which need to be quantitatively 
treated, in order to be able to make rational deci-
sions regarding maintenance and rehabilitation.

An essential step toward the effective handling 
of such uncertainties is the gathering and exploi-
tation of respective data. Typically, the data col-
lected refer to current bridge conditions and are 
used in conjunction with Bridge Management 
Systems (BMS) to decide on the necessity and 
degree of priority of any potential intervention 
and to allocate corresponding funds (Ryall 2001). 
Frequent inspections ensure that the BMS is up-
to-date regarding the structural condition of the 
stock. However, in order to estimate future needs 
and optimally allocate available budgets, models 
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same condition at that age. This way, curves relat-
ing bridge age with cumulative probability for each 
structural condition can be assembled. Certain 
time-shifts and scalings are then applied to achieve 
predictions for bridge ages not covered by available 
data. By fitting Weibull distribution functions to 
the original and shifted data and specifying some 
criteria for deciding bridge rehabilitation, the time 
left for a bridge until it reaches a structural condi-
tion, that induces a need for rehabilitation, can be 
probabilistically evaluated.

The proposed method is tested on a sample of 
33,810 concrete bridges of various ages, which are 
exposed to deicing salts and elevated humidity. 
The calculated rehabilitation time predictions are 
presented and compared to corresponding existing 
data, which span over a century.

2 THE NATIONAL BRIDGE INVENTORY 
(NBI)

Inspections are performed on bridges to monitor 
the infrastructure’s stock condition. The FHWA 
of USA maintains an up-to-date inventory (NBI), 
which includes over 500,000 bridges in its terri-
tory. The NBI contains a considerable amount 
of information; this includes 116 coded items to 
describe each bridge. An updated NBI is published 
annually, as each bridge must be inspected visually 
biennially. Bridge condition ratings are recorded 
on a scale 0–9, with 9 representing ‘perfect’ and 
0 ‘failed’ conditions. Inspections are carried out 
by qualified personnel complying with standard 
procedures set out in National Bridge Inspection 
Standards (NBIS) (FHWA 1995). The condition 
information recorded reveals the effect of bridge 
exposure to environmental factors, such as deicing 
salts, traffic loads, earthquakes, humidity and chlo-
rides, among others.

Condition coded with 5 can be regarded as a 
threshold for rehabilitation. This corresponds to a 
‘fair’ bridge condition (FHWA 1995): all primary 
structural elements are sound but may have minor 
section loss, cracking, spalling or scour. Reha-
bilitating a bridge in that condition is important, 
before further deteriorating to a ‘poor’ (code 4), 
‘serious’ (code 3), ‘critical’ (code 2), ‘imminent fail-
ure’ (code 1) or ‘failed’ (code 0) condition.

3 MAIN ASSUMPTION OF THE 
PROPOSED METHOD

Bridges age with different rates, depending on 
internal and external factors. Internal factors 
include materials and all the quality embodied 
through the construction process. External factors, 

such as deicing salts, earthquakes etc., can cause 
bridge condition to deteriorate. The effects of both 
internal and external factors are functions of time. 
Bridges age and deteriorate due to the duration 
of exposure to those factors. On the other hand, 
maintenance can decelerate deterioration (Dunker 
& Rabbat 1995). As the scope of a deterioration 
model is to describe a generalized aging-deteriora-
tion relation, the selection of a proper sample is 
crucial.

A bridge is built following certain construc-
tional characteristics depending on age. Performed 
inspections evaluate the condition of the structure 
to present criteria. Hypothetically, if  inspection 
data since 1900 existed, then bridge deterioration 
evolution with age could be described by condition 
distributions of bridges with similar age. Addi-
tionally, the duration of a bridge being at a cer-
tain condition could be estimated and transition 
distributions could then be described. The valid-
ity of such method is affected by the changings 
of the NBIS. Similar inspector standards would 
ensure that annual evaluations are objective and 
consistent; however the inspector’s subjectivity 
still remains. The drawn data could be linked to a 
Markov chain to form bridge stocks distributions 
and estimate condition probabilities.

In the present work, it is assumed that the NBIS 
are kept frozen, leaving only the inspectors’ subjec-
tivity to create defects. A single annual inspection 
database is taken into account. The probability 
of a bridge to be in a certain condition is calcu-
lated from the stock’s condition distributions with 
bridge age.

4 STEPS OF THE PROPOSED METHOD

In the present work, a novel method is proposed 
to probabilistically estimate the time needed for a 
bridge to reach condition 5 using the aforemen-
tioned condition data. Initially, the probability for 
a bridge of a certain age to be in a specific struc-
tural condition (0–9) is calculated. Then, the resid-
ual time to condition 5 is estimated by performing 
time-shifts to future years from condition distri-
butions >5. While shifting, the time axis is scaled 
appropriately. Weibull distribution functions are 
finally fitted to the original and shifted/scaled data 
to evaluate condition probabilities and estimate the 
time-to-rehabilitation. A specific case study is used 
to facilitate the description of the method.

4.1 Case study: Selection of a bridge stock 
sample

A specific case study is considered to facilitate the 
description of the proposed method. The focus of 
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this work is to study bridge deterioration with age, 
e.g. due to corrosion. Deicing salts are known to 
accelerate deterioration especially in combination 
with humidity (Alogdianakis et al. 2014). To locate 
bridges exposed to chlorides, information from 
FHWA on the areas of USA using deicing salts 
have been exploited. The bridges identified are 
illustrated on the USA map of Fig. 1. To ensure 
the presence of humidity, the sample was limited 
to bridges with water passing underneath the struc-
ture. Moreover, to limit the structural and mate-
rial effect on deterioration, only simply supported 
concrete bridges entered the sample. Finally, cases 
have been excluded from the selected sample, which 
correspond to deterioration of a bridge regardless 
of age. Such cases include earthquakes, accidental 
actions (e.g. collisions, vandalism), etc. According 
to the United States Geological Survey (USGS 
2014), areas 1 and 2 shown in Fig. 1 represent high 
seismic hazard regions, which have been excluded 
from the analysis under study.

Rehabilitated bridges have also been ruled out, 
as their effect on the sample can be misleading. 
This is due to the fact that a question arises as to 
which age to use, based on the year reconstructed 
or on the year built. In both cases the condition 
cannot be matched to the rest of the sample, as it is 
either presented worse or better, respectively.

After the above exclusions the final sample ana-
lysed counted 33,810 bridges.

4.2 Calculation of cumulative condition 
probabilities based on NBI data

The proposed method uses the Cumulative Condi-
tion Probability (CCP), which calculates the prob-
ability of a bridge of a certain age being equal or 
below a certain condition. Bridges are categorized 
in age groups forming sub-stocks of the global 

bridge stock; the CCP of each sub-stock is inde-
pendently calculated. CCPs for conditions ≤9 to ≤0 
are calculated through:
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where: CCPi(t) is the CCP for bridge condition ≤i 
of  the sub-stock at age t; Nc,i(t) is the total number 
of bridges at condition ≤i of  the sub-stock at age 
t; Nc,tot(t) is the total number of bridges of the sub-
stock at age t (at any condition 0–9); Ni(t) is the 
total number of bridges at condition i of  the sub-
stock at age t. Thus, Nc,i and Nc,tot are ‘cumulative’ 
numbers; this is denoted by the subscript ‘c’ used.

The total number of bridges of each bridge 
sub-stock (i.e. of each year) are shown in Figure 2, 
while the corresponding CCPs are illustrated in 
Figure 3. Specifically, CCPs for conditions ≤9 to 
≤3 are shown in Figure 3.

In this paper, the bridge conditions considered 
in the analysis are ≤7, ≤6 and ≤5. Condition 4 
describes bridges in a far more critical condition to 
those in need of rehabilitation. In Figure 3, it can 
be noticed that the probabilities (CCPs) calculated 
through Equation (1) are not monotonic, but vary 
within a range, which tends to widen as the bridge 
sub-stock becomes older. This can be attributed to 
the smaller samples of constructed bridges avail-
able for older years (Fig. 2). It should also be noted 
that the year of construction may be relevant to 
the current age of each bridge, but the connec-
tion between age and condition has to include the 
year of inspection. Thus, the actual bridge age that 
should be considered for calculating CCPs is the 
year of inspection subtracted from the year built. 
By applying this transformation, the graph of Fig-
ure 4 is obtained, in which the variation range of 
probabilities seems to be lower than in Figure 3.

Figure 1. Concrete bridges exposed to deicing salts and 
humidity. High seismic hazard areas are excluded from 
the analysis (areas 1 and 2 noted on the figure).

Figure 2. Concrete bridges exposed to deicing salts and 
humidity constructed at each year.
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4.3 Determination of ‘trusted’ sample

To separate the bridge ages with acceptable varia-
tion ranges of calculated CCPs, a threshold age tcut 
(‘cutting age’) is determined to define the ‘trusted’ 
part of the overall bridge sample (Fig. 4). Prob-
abilities corresponding to bridge sub-stocks older 
than tcut are considered to have unacceptably high 
variation ranges and are therefore ‘untrusted’. 
In Figure 4, tcut = 42 years is selected, separating 
the trusted CCP-points from the ‘untrusted’. The 
particular tcut-value is selected as a characteristic 
cutting age to illustrate the steps of the proposed 
method. An analysis for various tcut-values is pre-
sented in section 5.

4.4 Data shifting

Data-shifts are performed to copy data from higher 
CCPs to lower CCPs, where no trusted data are 
available. The shifting procedure is illustrated in 
Figure 5. Referring to the CCP-curve for condi-
tion ≤7, in order to complete the data beyond the 
threshold age tcut, data from the CCP-curve for con-
dition ≤8 are used. Hence, point A is first identi-
fied, which is the point with probability CCP7(tcut) 
at age t = tcut. By drawing a line parallel to the age 
axis from point A toward the higher CCP-curve, 
point B is determined, which is the point of the 
CCP-curve for condition ≤8 that has the same 
probability with point A. Point B has probability 
CCP8(te8) = CCP7(tcut) at age t = te8, thus the age 
te8 can be calculated (obviously, te8<tcut). Then, 
the points of the higher CCP-curve from point B 
and beyond are horizontally shifted to the lower 

CCP-curve at point A, i.e. the aforementioned part 
of the higher CCP-curve is moved toward the lower 
CCP-curve by tcut-te8, as shown by the arrows in 
Figure 5. This way, data to have a complete CCP-
curve for condition ≤7 are created.

The same procedure is performed for every 
incomplete CCP-curve, in order to be completed 
beyond the age t = tcut. Hence, to complete the data 
of the CCP-curve for bridge condition ≤i, the prob-
ability CCPi(tcut) is found for the age t = tcut; then, 
for equal probability CCPi+1(te,i+1) = CCPi(tcut), the 
age t = te,i+1 is determined, which specifies the part 
of the CCP-curve for bridge condition ≤i + 1 to be 

Figure 3. Computed probabilities (CCPs) for each year 
bridge sample. The ‘Year Built’ axis is reverse.

Figure 4. Transformation of probabilities (CCPs) using 
the year of last inspection; tcut is used to determine the 
size of the trusted region.

Figure 5. Shifting and scaling procedures; application 
lengths for each scaling coefficient (c7, c6 and c5).
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horizontally shifted to the CCP-curve for bridge 
condition ≤i. After performing the required shifts 
to complete all incomplete curves, all CCP-curves 
must eventually reach the probability-value of one.

When this shifting procedure is applied as 
described above, it produces unrealistic high deteri-
oration rates, because data are shifted from higher 
CCP-curves, which have smaller overall durations 
(until reaching the probability-value of one). Thus, 
a scaling procedure needs to be also applied, in 
order to properly adjust the inclination of the part 
of a CCP-curve that is shifted to complete a lower 
CCP-curve. The employed scaling procedure is 
described in the next subsection.

It should be mentioned that shifts and scalings 
similar to the ones adopted in the present work are 
applied to data acquired from accelerated tests per-
formed on materials to evaluate long-term material 
properties (Alwis & Burgoyne 2008).

4.5 Data scaling

As can be verified from Figures 3 and 4, the incli-
nations of  different CCP-curves cannot be the 
same, because they describe bridge deterioration 
at different conditions. Normally, lower slopes are 
generally expected for lower CCP-curves than for 
higher CCP-curves. However, with the shifting 
of  the previous subsection, curve-parts with the 
same inclination are generated for different CCP-
curves.

To overcome this problem, the inclinations of 
CCP-curves are adjusted by horizontally spread-
ing the shifted data. This adjustment is performed 
with an age scaling procedure, which is realized by 
introducing the scaling coefficient ci given by:

c
t t

ti
cut it

e i

=
+

o,

,

.
1  

(2)

The age to,i is evaluated as follows. Referring, 
for example, to the CCP-curve for condition ≤7 in 
Figure 5, point C is first identified, which is the 
point of the higher CCP-curve for condition ≤8 at 
age t = 0. At point C, the probability is CCP8(0). 
By drawing a line parallel to the age axis from 
point C toward the lower CCP-curve, point D is 
determined, which is the point of the CCP-curve 
for condition ≤7 that has the same probability 
with point C. Hence, point D has probability 
CCP7(to7) = CCP8(0) at age t = to7, thus the age to7 
can be calculated. Thus, in general, to evaluate the 
age to,i of  the CCP-curve for bridge condition ≤i, 
the probability CCPi+1(0) of the CCP-curve for 
condition ≤i+1 at age t = 0 is found; then, for equal 
probability CCPi(to,i) = CCPi+1(0), the age t = to,i 
is determined. An age to,i and a corresponding 

coefficient ci are calculated for each CCP-curve for 
condition ≤i having shifted data to be scaled.

Using the calculated scaling coefficients, the 
spreading of the shifted data can be performed for 
all CCP-curves. Hence, the age range of the shifted 
data attached to the CCP-curve for condition ≤i is 
simply multiplied by the coefficient ci. Then, the 
shifted points are spread uniformly within the new, 
expanded age range resulting in an adjustment of 
the inclination of the respective CCP-curve. Note 
that coefficient ci modifies only the shifted age-
values and not the corresponding CCP-values, i.e. 
only age scaling is performed and the spreading 
of the shifted points is carried out in a horizontal 
manner.

4.6 Fitting of Weibull distribution to the original 
and shifted/scaled data

With the purpose of simultaneously obtaining 
a smooth CCP-curve and also achieving a good 
description of the respective data, a Weibull distri-
bution (Yang 2007) can be fitted to the set of CCP-
points available for bridge condition ≤i. Weibull 
distributions are extensively used for deterioration 
modelling and BMS (Agrawal et al. 2010). The 
standard (two-parameter) Weibull Cumulative 
Distribution Function (CDF) is given by (Yang 
2007):

F t( )t e p , ,= ⎛
⎝⎝⎝

⎞
⎠⎠⎠

⎡

⎣
⎢
⎡⎡

⎢⎣⎣

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
0t,t⎛⎛⎛1 exp− ⎞⎞⎞

⎢ ⎥ ≥
α

β

 

(3)

where α > 0 is the scale parameter, which has the 
same unit as t, while β > 0 is the unitless shape 
parameter. Hence, for each CCP-curve, a nonlinear 
regression is performed to determine the Weibull 
parameters α and β and produce a least-squares fit 
based on the CDF of Equation (3).

For the cutting age adopted, Table 1 presents the 
Weibull parameter values calculated, as well as the 
coefficient of determination R2 attained by apply-
ing the fitting procedure to the properly completed 
CCP-data for bridge conditions ≤7, ≤6 and ≤5. 
The very high R2-values reported indicate that a 
very good fit has been achieved between Equation 
(3) and the available data. Figure 6 graphically 

Table 1. Weibull parameter values and goodness-of-fit 
information.

Bridge condition α (years) β R2

≤7 20.14 1.010 0.9858
≤6 58.34 1.475 0.9945
≤5 95.38 1.991 0.9958
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illustrates the three Weibull CDFs obtained and 
shows a comparison of these curves with the origi-
nal data. The three CDFs are graphical representa-
tions of Equation (3) using the Weibull parameter 
values of Table 1. These successful CDF-fits are 
due to the adequate size of the utilized sample, 
which exhibits low variation in the available data. 
In other cases employing lower-quality data, 
reduced R2-values are observed.

5 STATISTICAL VALIDATION OF THE 
PROPOSED METHOD

The method proposed in the previous section uses 
recorded, trusted data to predict future condition 
probabilities. The selection of a cutting age tcut is 
a subjective decision, which specifies the trusted 
part of the available data (t ≤ tcut), but also cre-
ates the need to predict the condition probabilities 
for t > tcut. In this section, the effectiveness of the 
proposed method is assessed with respect to the 
selected value of tcut. Hence, Weibull CDFs are fit-
ted to the same data using various tcut-values and 
comparisons are made with the original data.

For the case study processed in this paper, origi-
nal data are available until the bridge age of 114 
years (Fig. 4). When a tcut-value is chosen, the data 
recorded for t > tcut are excluded from the analysis. 
Thus, age tcut represents the ‘new’ known present 
and the excluded data represent the ‘unknown’ 
future. The method’s predictions for t > tcut can then 

be compared with the respective recorded data, 
which were excluded from the analysis. Hence, for 
each tcut-value considered, the method of the previ-
ous section is applied to obtain a Weibull CDF for 
each of bridge conditions ≤7, ≤6 and ≤5. Then, two 
coefficients of determination can be calculated to 
evaluate the goodness-of-fit achieved:

• the standard coefficient of determination R2, 
which compares the attained Weibull CDF with 
the original data for t ≤ tcut and the shifted/scaled 
data for t > tcut; the R2-value for tcut = 42 years is 
reported in Table 1;

• the modified coefficient of determination RmR2

, which compares the attained Weibull CDF 
with the original data (before shifting/scaling) 
for t ≤ 114 years (tcut → ∞); Figure 6 provides 
a graphical representation of the original data 
(along with the Weibull CDFs identified for 
tcut = 42 years).

Hence, the comparison with the attained Weibull 
CDF is performed using the original and shifted/
scaled data actually used to calculate the Weibull 
parameter values (for R2) or with the original 
unshifted/unscaled (trusted and ‘untrusted’) data 
(for RmR2 ). In general, higher values for R2 than for 
RmR2  are expected.

Under real circumstances, RmR2  cannot be cal-
culated, because all trusted data are exploited to 
derive Weibull parameter values; there is no mean-
ing in comparing the fitted CDF curve with the 
part of the data that cannot be trusted. However, 
the sample processed in this section includes data 
that are of acceptable quality over the whole range 
of bridge ages t≤114 years (Fig. 4), i.e. there are 
actually no untrusted data. Thus, by selecting 
various values for tcut, we can compare the result-
ing Weibull CDFs with original trusted data for 
bridge ages up to 114 years. In other words, we 
predict bridge condition probabilities for tcut-114 
years beyond the age tcut, for which we have actual 
trusted data to compare against and can therefore 
calculate a meaningful value of mR2 . This allows an 
objective assessment of the method proposed in 
the present paper.

The results obtained from fitting Weibull CDFs 
on the sample described in subsection 4.1 assum-
ing various values of tcut are reported in Figure 7. 
In particular, the upper graphs of Figures 7(a-c) 
show the R2 and RmR2 -results attained for various 
values of tcut. These results verify that the proposed 
method predicts satisfactorily the recorded data for 
various values of tcut, as high R2-values and at least 
adequate mR2 -values are achieved. In general, better 
fits are attained for larger ages tcut, because richer 
CCP-data are exploited. When the trusted CCP-
data covers probability values (almost) up to 1, the 
proposed method maximizes its fitting capability 

Figure 6. Weibull distributions fitted to the sample data 
assuming tcut = 42 years. Original trusted and ‘untrusted’ 
data (before shifting/scaling), as well as shifted/scaled 
data, are shown for comparison.
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and the obtained RmR2 -value tends to be equal to 
the corresponding R2-value (see Figs. 7(a),(b) for 
bridge conditions ≤7 and ≤6, respectively). Even 
in the case of bridge condition ≤5, which involves 
trusted CCP-data that cover probabilities up to 
values considerably lower than 1, high mR2 -values 
are achieved for large ages tcut (Fig. 7(c)).

The proposed method can be also evaluated with 
respect to the consistency of its results by focus-
ing on a specific probability value F(t) to reach a 
bridge condition. Hence, for various values of tcut, 
the lower graphs of Figures 7(a-c) show the bridge 
age, at which condition ≤7, ≤6 or ≤5 is reached with 
probability F(t) = 95%. These figures include lines 
that indicate the mean value and standard devia-
tion calculated from the results for the various 
tcut-values processed. The results of these figures 
demonstrate small variations around the mean age 
for bridge conditions ≤7 and ≤6 and acceptable 
variation for bridge condition ≤5.

Furthermore, Figure 8 presents analogous 
results in the form of boxplots for various F(t)-
values (from 0.01% to 99.9%). Hence, for each 
F(t)-value and for all tcut-values considered, the 
variation of the bridge age to reach condition ≤7, 
≤6 or ≤5 is illustrated. It is interesting to note that 
a non-symmetric distribution of age predictions 
appears to be yielded for each F(t)-value. In gen-
eral, a higher prediction variation is associated with 
a higher probability F(t). Nevertheless, the selected 
tcut-value does not seem to excessively influence the 
calculated age predictions.

6 PROBABILISTIC ESTIMATION OF THE 
TIME-TO-REHABILITATION

Using a Weibull distribution fitted to the set of 
CCP-points available for bridge condition ≤5, the 
time-to-rehabilitation can be probabilistically esti-
mated. That is, any time-to-rehabilitation given 
is accompanied by a probability for the bridge 
considered to have reached condition ≤5, which is 
assumed to induce the need for rehabilitation.

The Weibull CDF for bridge condition ≤5 
(Table 1, Fig. 6) provides the sought probabilistic 
information for the time-to-rehabilitation of a con-
crete bridge exposed to deicing salts and humidity: 
by selecting a probability of reaching bridge condi-
tion ≤5, the respective time-to-rehabilitation for the 
bridge is determined. Table 2 gives the time-to-reha-
bilitation for selected probability-values. Note that, 
as the term ‘time-to-rehabilitation’ is used herein, 
it counts from the year a bridge is built, i.e. this is 
the ‘age-to-rehabilitation’. The actual time-to-reha-
bilitation is easily calculated by subtracting the cur-
rent age of a bridge from its ‘age-to-rehabilitation’. 
Using such information, a decision maker can make 

Figure 7. Statistical evaluation of the proposed method 
by varying the cutting age tcut.
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a rational schedule for bridge rehabilitations, which 
takes into account not only available or anticipated 
funds, but also risks associated with the uncertain 
deterioration rate of bridges.

7 CONCLUSIONS

In this paper, real condition data from the NBI 
database of USA’ FHWA were utilized for predict-
ing the deterioration of bridges. Specifically, prob-
abilistic results were obtained for concrete bridges 
exposed to deicing salts and humidity that allow 
the quantitative estimation of the time-to-reha-
bilitation. To accomplish this task, a new method 
was presented for identifying a reliable probabilis-
tic description of bridge deterioration over time. 
In general, reasonable deviations between original 
data and data predicted with the new method were 
observed for a large number of test configurations 
considered.

The procedure followed herein can be applied 
to any type of bridges exposed to various envi-
ronmental effects, provided that respective data 
are available. Enriching our knowledge on the 
deterioration rate of bridge stocks is a key aspect 
in cost-effectively handling and maintaining such 
important infrastructures.
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Orphan sustainable sensor system for monitoring chlorides 
or CO2 ingress in reinforced concrete

F. Barberon & P. Gegout
Pôle Ingénierie Matériaux, Bouygues Travaux Publics, France

ABSTRACT: Depassivation and corrosion of steel bars are the most severe threat of degradation for 
reinforced concrete elements. Actual available monitoring systems require contact or wired instrumenta-
tion, which can lead to delay in the measurement of the penetration front or create preferential path for 
the ingress of the deleterious agents.

The present system is designed to anticipate the corrosion of reinforcement and consists of isolated, 
wireless and embedded steel sheets which dimension are about 100 μm thick and few centimeters diam-
eter. The sensors are placed into the freshly poured concrete and positioned at different depth between the 
surface and the first raw of steels. The sheets are oriented perpendicularly to the diffusion front. When in 
contact with chlorides or CO2 the sheets are oxidized in the same manner as the reinforcement.

The principle is to use the thermal properties of iron to check its oxidation state. When the metallic iron 
is subjected to a variable magnetic induction, a current is created at the surfaces (Lenz’s law) with a sudden 
and important raise of temperature of the iron sheet (Ohm’s law).

The embedded sheets are warmed-up by induction from the surface of the concrete element. The ther-
mal response is then measured with an infrared reader, from the surface of the concrete, and the signal 
analyzed to assess the state of oxidation. Indeed, dissimilar to a sound sheet, the oxidized one will provide 
with a different thermal response, which signal is of low amplitude and rapid decay. The position and the 
depth of the sheets being previously located in the structure, it is thus possible to determine, at any given 
time, the front of diffusion.

It is believed that the proposed non destructive method permits to anticipate the level of propagation 
of chlorides or CO2 and promote mitigation measures prior the depassivation of the reinforcement steel 
and need of major repair.

ment on steels, associated to a prior location by 
radar, allows, for already several years, to obtain 
relevant information on the state of damage of 
steel (Dollet & Taché et al. 2010). Acoustic emis-
sion measurements (EA), for their part, record the 
micro cracks in the corrosion of steels, but cannot, 
in the same way confirm the start of the phenom-
enon (Idrissi et al. 2010), as well as measurement 
of the deformation by optical fibers (Mc Cartera 
2004, Habel et al. 2005).

Apart from EA, these methods require however 
a physical connection between the steels and the 
data recording system. These wired connections 
create interfaces, and, in the case of measure-
ments over long periods, notably in less accessi-
ble areas, they are likely to ‘interfer’. In addition, 
the recent results on the initiation of corrosion 
by chlorides show that the nature of the binder 
impacted strongly on the measurement, resulting 
in an actual diagnosis error (Garcia 2013). Finally, 
these methods do provide information on the state 
of the reinforcement at a given moment, but don’t 
allow anticipation.

1 INTRODUCTION

Among the main pathologies of the reinforced con-
crete, corrosion of reinforcement remains the most 
important by the number of works concerned, and 
certainly by the costs associated with their repair. 
The corrosion comes from CO2 or chlorides, which 
progress by diffusion into the concrete. To ensure 
the maintenance and select repair methods, it is 
important to establish a diagnosis as accurate as 
possible, and as soon as possible too. Generally, 
the appearance of rust, or even spalling on surface, 
is evidences of a corrosion already widely initiated 
within the concrete.

If  semi destructive sampling and analysis 
method are often necessary to refine the assump-
tions from the initial observations carried out 
on site, we can observe nowadays the develop-
ment of non-destructive detection techniques, 
non to minimally invasive, allowing to maintain 
the work integrity, whether it is structural or aes-
thetic reasons. The principles of measurements are 
optical, acoustic, or electrical. Potential measure-
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The goal of our approach is to follow the ingress 
of the front, and not the state of corrosion of rein-
forcement. So it is possible to locate this front in 
the coating at any moment, without contact or 
wired connection from the outside. The measure 
would also be simple to carry out. The method 
consists of measuring the thermal properties of the 
iron that evolve depending on its oxidation state. 
The determination is carried from the surface of 
the concrete, not on the reinforcement steels, but 
on metal elements- the sensors- correctly arranged 
within the concrete cover and playing a role of 
fuses.

Of course and contrary to the actual systems 
being applicable on hardened concrete structures, 
this new patented system requires the positioning 
of the sensors in the freshly poured concrete.

2 TECHNOLOGICAL CHOICES

2.1 Existing systems

Existing systems so far are mostly based on poten-
tial measurement (Schiessl 1991, Raupach 1996, 
Raupach & Schiessl 1997, AFGC 2005). Each of 
them has advantages and disadvantages, for the 
lifetime of the sensors used either the reliability 
of measurement, which can be disrupted by the 
surrounding conditions, such for example as the 
local humidity conditions, changing the resistivity 
of the material. The costs of such systems can be 
prohibitive and limit the number of installations, 
which in the end may provide with a result unrep-
resentative of the overall condition of the struc-
ture. Very recently, the work of Garcia (2010) has 
shown that the nature of binders, especially those 
made with slag cements, could impact considerably 
the potential of corrosion of reinforcement. The 
research showed that while considering a cement 
replacement of 30% and more the potential loss 
was not necessarily correlated with an initiation of 
the corrosion of the steels.

2.2 Proposed system

The proposed principle is based on the association 
of two elements: the initial positioning of ‘sen-
sors’ within the coating, and the use of the thermal 
properties of metallic iron in its oxidation state.

2.3 Position of the sensors into the concrete

The sensors are circular or square metal sheets 
about 100 μm thick with a surface of the order of 
a few square centimeters. They are arranged dur-
ing the pouring of concrete and geographically 
identified by any means available, physical mark 
on the concrete surface or mapped by GPS. They 

are sufficiently spaced laterally to avoid interfer-
ence between each other, and positioned by depth 
approximately every centimeter (Figs. 1, 2).

Tests have shown that once arranged (for a not 
too fluid concrete) the process of concrete com-
paction does not significantly displace or change 
the position of the sensor. However, attention shall 
be paid to avoid moving the sensor with the vibrat-
ing needle.

Chloride and CO2 progress by diffusion in the 
concrete. This front is going through the cement 
paste towards the forefront of reinforcement 
steels. When chloride or CO2 reaches the sensor, 
it behaves like steel and will corrode. The sensors 
are orphan, i.e. not connected physically with any 
device between them, nor to an external system. 
Individually response of each of the sensors, allows 
to precisely locate the front of aggression. The cost 
of the sensors being only a few euros, it is possi-
ble to lay a number of sensors enough in supposed 
strategic and sensitive locations and therefore 

Figure 1. Vertical view of the layout of the sensors into 
the concrete between surface and first rebar.

Figure 2. Example of position of sensors between sur-
face and steel in concrete prism.
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obtain a sufficient and reliable statistical picture of 
the penetration front of chlorides or CO2.

2.4 Measurement principle

The principle of measurement is visible in figure 3.
The measurement of the corrosion level of the 

metal sheets is based on the thermal properties of 
the iron and its oxidation state. The principle is to 
excite the sensor, from the surface of the concrete, 
by magnetic induction (Lenz’s law). This magnetic 
induction mobilizes electrons on the surface of the 
metallic sheet, according to its conductivity (Eddy 
currents). If  the sheet is sound, it is very conduc-
tive and heat up by Joule’s effect (Ohm’s law), while 
a corroded sensor warms up to a lower level. Thus, 
by studying the temperature response of a sensor 
embedded in the concrete through an infrared cam-
era, it is possible to estimate its state of corrosion.

To verify the thermal response of sensors after 
warm-up, tests were previously conducted on 
sound and artificially corroded sensors by attack 
in acid solution (Fig. 4).

3 EXPERIMENTS AND RESULTS

Trials were conducted to assess the optimal ther-
mal response versus different size of the sensors 
embedded into the concrete.

In the above experiment, 2 sensors were intro-
duced at a depth of 2 cm in one mortar prism size 
15 × 6 × 4 cm. The prism was excited during 50 s 
by magnetic induction under a few micro Tesla 
field. The thermal response in the prism surface 
measured by infrared thermography, just after 
induction, but also 1 min, 2 min and 4 min after 
induction are presented in figure 5.

On the one hand, the intensity of the hot spot 
corresponding to the partially corroded sensor is 
lower than the one corresponding to the sound 
sensor; and, on the other hand the hot point asso-
ciated to the partially corroded sensor disappears 
much faster. The static and dynamic responses 
can be therefore considered as a sensitive and dis-
criminating indicator between sound and corroded 
sensor.

After the induction period, the infrared camera 
allows in front of each sensor to record the evolu-
tion of temperature of the surface of concrete. As 
an example, we can see on figure 6, the repartition 
of temperature of a sound sensor in a concrete 
prism.

A series of complementary tests allowed defining 
the optimal size of the sensors and the heating power 
needed to achieve a workable response (Fig. 7). 
These tests enabled to find a compromise between 
the duration of induction required to raise the tem-
perature of a few degrees in a sound sensor and the 
surface area of the sensor at various depth/concrete 
cover. The optimum is respectively 2 minutes and 
50 cm2 maximum for the most distant sensors.

Figure 3. Principle of measurement of the state of cor-
rosion of the sensor.

Figure 4. Example of sensors: artificially corroded 
(left) and healthy (right).

Figure 5. Infrared images just after excitement then 
1 min, 2 min and 4 min. of corroded (C) and not cor-
roded (N) sensors. On corroded sensor (C) we observe 
a low intensity which decreases quickly during time. 
On not corroded sensor (N), the intensity is strong and 
decreases slowly. The central hot spot on the first two 
images matches fingerprints of the operator on the con-
crete surface of the sample.
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For the same sensor surface (2 × 2 cm) and the 
same power of induction, the achieved maximum 
temperature elevation decrease with the depth of 
the sensor (Fig. 7a). After 7 cm depth, the thermal 
response becomes very small and the induction 
duration need to be high (130 s).

For a better thermal signal, we need to increase 
the surface of  the sensors when the thickness of 
concrete becomes too important. On figure 7b, 
we can see the temperature elevation and the 
influence of  the surface of  the sensor and the 
duration of  induction before infrared measure-
ment. For a surface of  sensor about 50 cm2 and 
a duration of  60 seconds of  induction, we still 
measure 6°C temperature raise at the concrete 
surface.

So, up to 7 cm deep, it is possible to record a 
significant thermal signal according to the state 
of corrosion of a sensor, with a compromise 
between time of induction and surface of the sen-
sor. Smaller sensors will be placed near the surface, 
under about 3 cm, with a good thermal response, 
and larger will be used deeper.

4 CONCLUSIONS

The patented system presented in this article 
makes use of  the thermal properties of  metallic 
iron to follow the diffusion front of  CO2 or chlo-
ride through the concrete structure cover; and 
aims to anticipate the initiation of corrosion of 
reinforcement.

Sensors are orphans and have no connection with 
the outside world. Excited by induction through an 
external magnetic field, their heat-up response is 
related to the state of corrosion. These sensors in 
fact play a role of fuses. With their positioning in 
chevron in the coating, it is thus possible to rela-
tively well identify the forehead of the CO2 diffu-
sion or chlorides until it reaches the first rebars. 
Actual tests allow to use these sensors up to a depth 
of approximately 7 cm, for a duration of measure-
ment which is of the order of a few minutes maxi-
mum. A compromise needs to be found between 
surface of the sensor and induction duration.

From 2013, a hundred sensors were installed in 
a concrete structure exposed to sea spray to try to 
follow diffusion front during time in a real situa-
tion. Follow-up actions are planned in the coming 
years and will make a return of experience and 
refine the method if  necessary.
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Figure 6. Repartition of the temperature at the surface 
of the concrete in front of a sound sensor after applica-
tion of magnetic induction. Top: infrared photography 
from the camera; Bottom: temperature along the diam-
eter of the sensor (black line). The difference between 
initial and maximal temperature is about 2°C.

Figure 7. Examples of thermal responses of healthy 
and corroded sensors for various depths, with the same 
induction power. The values on each point correspond 
to the same induction: 7a: at the time of induction, in 
seconds, for a same surface of the sensor (here 2 cm2); 
7b: on the surface of the sensor, cm2, associated with a 
specified induction time.
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Numerical modeling of basic creep of concrete under different types 
of load
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ABSTRACT: Despite a relative abundant literature on the topic, delayed mechanical behaviour of 
concrete remains a problematic of contemporary research. Underestimating concrete creep during the 
designing phase may lead to well-known consequences such as excessive strains, losses of prestress and 
even sometimes failure. This study aims to a better understanding of concrete’s delayed mechanical behav-
iour by means of the modeling of basic creep of concrete under different types of load namely direct ten-
sion, compression and bending. For the purpose, an original model was developed; it takes into account 
physical phenomena, namely consolidation and damage induced by creep, to reproduce experimental 
findings. Such an approach allows a better understanding of the coupling between shrinkage, damage 
and creep in concrete.

creep modeling. However, their application to the 
case of concrete has not always proved relevant. 
For example, they fail to reproduce the creep of 
concrete under different type of load (namely in 
direct tension and in compression) by means of a 
single formulation, without introducing additional 
parameters that have no physical meaning (Revi-
ron 2009). Concrete has a very complex delayed 
behaviour, including delayed strain occurring 
under loading (creep) and without loading (shrink-
age). A common way to carry out measurements 
is to split delayed strains of concrete into differ-
ent components including autogenous shrinkage, 
drying shrinkage, basic creep and drying creep, 
which assumes a decoupling of underlying phe-
nomena (Rilem TC-107 1998). Actually, there is a 
strong coupling between these components, which 
has to be taken into account in the modeling and 
one of the most appropriate framework for that 
is the poro-mechanics one. Thus, from the poro-
mechanics point of view, shrinkage (autogenous 
or drying shrinkage) results from water effects on 
the viscoelastic solid skeleton whereas basic creep 
is the effect of effective stresses. Their coupling 
is then implicitly assumed. In its original variant, 
poro-mechanics cannot however explain the addi-
tional strain observed when a concrete specimen is 
subjected to mechanical loading along with drying 
(the so-called “Pickett effect”). This explains why 
some authors (Bazant 2001, Benboudjema et al. 
2005) have chosen to add a further component to 
poro-mechanics models to take this phenomenon 
into account. This approach, more phenomeno-
logical than physical, points out a gap in physical 

1 INTRODUCTION

Concrete has a very complex mechanical behaviour. 
Creep (increase in strain with time when the load is 
maintained constant) is an important part of this 
behaviour. Underestimating creep during design-
ing phase of concrete elements may lead to the 
well-known consequences such as excessive strain 
(or displacements) in concrete members, losses of 
prestress, redistribution of stress and even some-
times failure. Creep of concrete was highlighted 
for the first time by Hyatt in USA in 1907 and by 
Freyssinet in France some years later, more exactly 
in 1912, regardless the works of Hyatt (Pons & Tor-
renti 2008). Before that, design rules concerning 
reinforced concrete structures such as the French 
one (the circular of 1906) supposed that the elas-
tic modulus of concrete, as that of steel, is practi-
cally constant. This is no longer the case of design 
codes currently in force (Eurocode 2, ACI209, 
etc.). For example, in order to take into account 
creep, the European standard Eurocode 2 consid-
ers an equivalent coefficient (steel/concrete elastic-
ity modulus ratio) greater than or equal to 15. In 
the same context, some empirical formulas to esti-
mate delayed strain are also proposed. However, 
in particular cases, long term management of civil 
engineering concrete structures requires finite ele-
ments modeling which may be more accurate than 
standards predictions, especially when dealing with 
exceptional structures such as dams, nuclear power 
plants, nuclear waste storage tunnels, etc. Phenom-
enological models based on linear viscoelastic prin-
ciples using rheological elements are widely used in 
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comprehension of involved mechanisms and con-
sequently in the poro-mechanics formulation. 
Another aspect which characterizes basic creep 
of concrete and not taken into account in most of 
models is the non-linearity of delayed strains mag-
nitude with regards to the applied stress, which 
occurs for high load-levels. If  this aspect is not 
accurately modeled, the risks that tertiary creep-in-
duced failure occurs can be overestimated. In this 
study, an original approach for modeling the basic 
creep of concrete is developed (Sellier et al. 2012). 
The originality of the model relies on physical phe-
nomena taken into account, namely consolidation 
(allowing creep potential depletion under hydro-
mechanical loading to be reproduced) and damage 
induced by creep. Such an approach allows a bet-
ter understanding of the coupling between shrink-
age, damage and creep. Finally, a comparison of 
the model prediction with basic creep of concrete 
under different types of load (in direct tension, in 
compression and in bending) is proposed.

2 DESCRIPTION OF THE MODEL

2.1 Principles of the modified poro-mechanics 
formulation

As stated above, classical poro-mechanics formula-
tion allows different aspects of delayed behaviour 
of concrete such as shrinkage or basic creep to be 
explained. In this formulation, the total stress ten-
sor σ can be expressed as follows:

σ σ π′σσ − b0bb  (1)

where σ′ represents the effective stress tensor cor-
responding to the stress part supported by the solid 
skeleton, b0 the Biot tensor representing the part of 
pressure transmitted to the solid skeleton and π the 
equivalent pressure which depends on the satura-
tion state of the porosity and defined by:

π φ
φ

= + −
∂

∂
S P S Pl lS PP g gS PP

( )φφU  (2)

In this expression, Sl and Sg are respectively the 
saturation degree of the porosity φ by liquid and 
gaz at the pressure Pl and Pg, U is the liquid-gas 
interface free-energy. Equation (2) can be rewritten 
as follows:

π φ
φ

= + − ∂
∂

S P Pl lS PP l gPP( )− SlS ( )φφU
 (3)

π φ
φ

= − − ∂
∂

S P+l gS l gPP+( )−P PgPP l

( )φφU
 (4)

In general case, the gaz pressure Pg which is 
in equilibrium with atmospheric pressure can be 
neglected until the dimensions of the structure 
are not so important. This is also the case of the 
variation of interfaces free-energy considering a 
monotonic hydraulic path. In these conditions, the 
expression of the equivalent pressure becomes:

π ≈ −S S= − Pl gS l lS= cPP( )−P PgPP lPP  (5)

With Pc the equivalent capillary pressure taking 
into account the coupling between capillary pres-
sure and disjunction force (Powers 1968).

From equation (5), equivalent pressure π can thus 
be expressed in function of the saturation degree Sl, 
knowing the sorption-desorption isotherm (Bazant 
1972, Benboudjema 2002, Powers 1968).

To make easy the model implementation in 
finite elements codes, a simplified approach as that 
used by (Sellier & Buffo-Lacarrière 2009) to simu-
late shrinkage was adopted. Equivalent capillary 
pressure Pc is assumed to vary linearly in function 
of water content w (by volume) as shown in the 
following expression, obtained by neglecting the 
contribution of the pore volume variation due to 
the volumetric deformation of the solid skeleton:

P Mc sP MP hr ( )w − φ ))  (6)

Mshr is a parameter equivalent to a Biot modulus. 
This expression allows the shrinkage of concrete to 
be simulated up to a saturation degree of about 50%.

The classical poro-mechanics formulation does 
not however allow “Pickett Effect” to be reproduced. 
Drying creep phenomenon is usually interpreted as 
a structural effect. Due to concrete microstructure 
heterogeneity, a very complex stress state can result 
from the different types of shrinkage of the matrix 
or more generally from an overall deformation. At 
local scale, micro-cracks will occur if  the local ten-
sile stress exceeds the tensile strength of the mate-
rial. When no load is applied to a concrete specimen 
(such as a specimen undergoing free shrinkage), the 
micro-cracks will be oriented randomly. Now, if  a 
compressive stress is applied, the stress in the loaded 
direction is shifted to the compression domain. 
Consequently, the risk for micro-damage formation 
is reduced in the compressive loading direction but 
remains important in the non-loaded one, so that 
micro-damage state becomes anisotropic (Sellier 
et al. 2012). On the other hand, the application of a 
compressive load leads to the re-closure of some of 
micro-cracks induced by shrinkage. Actually, only 
the non-damaged part of the matrix is able to trans-
mit its shrinkage to the macro-scale. Thus, a loaded 
specimen will exhibit a more pronounced shrinkage 
that a non-loaded one and this structural effect can 
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explain a great part of the “Pickett Effect”. From a 
statistical point of view, the probability of existence 
of tensile zones decreases in the direction which 
was loaded in compression. The application of a 
compressive stress σ (negative value by convention) 
will therefore increase the equivalent pressure in the 
loaded direction and this can be expressed by the 
following modified poro-mechanics formulation 
(Sellier et al. 2012):

σ σ σ
σ

π′σσ − −
⎛

⎝
⎜
⎛⎛

⎜⎝⎝
⎜⎜

⎞

⎠
⎟
⎞⎞

⎟⎠⎠
⎟⎟b

dcσ0b 1

 

(7)

The previous relation introduces a modulation 
of the Biot tensor with the aim to take account the 
pressure effect rising in the loaded direction. σdc is 
a material parameter considering both the stress 
field heterogeneity and its effect on the equivalent 
pressure amplitude.

2.2 Basic creep modeling

The effective stress σ’ can be assessed by means of 
a basic creep model. Delayed strains result from 
the combined effects of the external loading σ and 
the equivalent pressure π. In general, geomateri-
als exhibit behaviour which can be split in 3 parts: 
instantaneous reversible strain, reversible delayed 
strain and irreversible delayed strain. Conse-
quently, the viscoelatic solid skeleton is modeled by 
a Burger chain represented in figure 1. The Hooke 
element (superscript e) allows instantaneous elastic 
response εe to be simulated, the Kelvin-Voigt ele-
ment (superscript KV) is associated with reversible 
viscous strain εKV and the Maxwell element (super-
script M) is associated with irreversible viscous 
strain εM. This scheme is applied separately to each 
component of σ′ tensor. Compressibility coeffi-
cients k are used for the spherical part of σ′ while 
shear coefficients μ are used for the deviatoric part 
of σ′.

2.2.1 Constitutive equations
The set of differential equations to be solved for 
spherical branch is the following:

′
+

σ ε′′ =
ε ε η ε
ε η= ε

s e= eεε
KV KV KVηη Kεε V

e eεε Mη= Mε

k
k ε =e eεε =
k

( )s

( )s ( )s ( )s ( )s

( )s ( )s
�

� ( )((

⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩  

(8)

For the deviatoric branch, one can obtain the 
following system:

′
+

=

σ μ′′ = ε
μ ε μ ε η ε
μ ε η

d eμμ= e dεε
d KV KV d KVηη d Kεε V d

e eμ εμ ε d M= η d
2 2=μ εe eμ εμ ε =
2

( )d

(dd )d (d ( )d

( )d ( ) ()) )ε s(

⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩  

(9)

The differential equations are solved numeri-
cally using a “step by step” temporal integration 
scheme. The originality of the model relies on the 
Maxwell level presented in the following sections, 
the two upper levels being usual.

2.2.2 Consolidation and basic creep induced 
damage

Experimental results obtained over a long term 
period point out that creep rate slows down pro-
gressively with time, and more precisely with 
delayed stain (creep and/or shrinkage) undergone 
by a concrete specimen. During a creep experi-
ment, viscous phases of the cement matrix (mainly 
C-S-H gel) are progressively interlocked by the 
other non-viscous phases (other hydrated phases, 
aggregates, etc.) according to the “consolidation 
theory” (Sellier & Buffo-Lacarrière 2009). This 
progressive creep sites depletion corresponding to 
a “creep potential decrease” is taken into account 
in the model by an increase of the apparent viscos-
ity of the Maxwell element ηM. A simple way to 
represent this consolidation phenomenon is:

η ηMηη CCC
0ηη  (10)

Where η0 is the viscosity at the beginning of 
the loading and Cc the consolidation coefficient 
defined by:

CCCC
eq

k
= ⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

exp ε ee

ε kk
 

(11)

In this expression which allows very long term 
strain evolution to be reproduced, εeq is the equiva-
lent strain which quantify the cumulated viscous 
strains undergone by concrete during its history 
and εk a parameter playing the role of a creep 
strain potential. When the equivalent strain εeq is 
large compared with εk, the consolidation coeffi-
cient increases and then the creep rate decreases 

Figure 1. Rheological scheme used for basic creep 
modeling.
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to simulate interlocking phenomena. εeq is taken 
proportional to the viscous dissipation φv, the 
expression of which is:

φ ϕ ϕVφφ d dt∫∫ )ϕ ϕs dϕϕ+ϕ sϕ  (12)

where ϕs and ϕd are respectively the spherical and 
the deviatoric instantaneous viscous dissipation:

ϕ σ ε
ϕ σ ε

s Mϕ σϕ Mε
d Mϕ σϕ d Mε

⋅σ Mσ
⋅σ Mσ

⎧
⎨
⎧⎧
⎨⎨
⎧⎧⎧⎧

⎩
⎨⎨
⎩⎩
⎨⎨⎨⎨

�
�
�

� �
( )ss ( )s

(dd ( )d
 (13)

On the other hand, during the interlocking 
process between viscous and non-viscous phases 
mentioned above, the part of  viscous stresses sup-
ported by viscous phases is progressively trans-
ferred to the non-viscous phases. Such stress 
redistribution leads to stress concentration on 
non-viscous sites, able to damage them and then 
liberates new creep sites. This “creep-induced 
damage” dbc is a function of  the load level and 
also of  the consolidation state because consoli-
dation is responsible for stress transfer. The only 
condition that dbc has to fulfil to be in agreement 
with thermodynamic principles is the one indi-
cated in (14):

�d bc ≥ 0  (14)

If  d∞ represents the asymptotic creep-induced 
damage reached theoretically for an infinite time 
(i.e. when Cc → ∞), the evolution law of dbc can be 
written as follow:

d t d
C

b

CCC
( )t

( )t
= −d

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

∞ 1 1

 
(15)

Creep-induced damage dbc can be represented 
in function of its associated “thermodynamic 
force” namely the damage strain energy release 
rate Y:

d fb ( )Y  (16)

d∞ is expressed as function of the maximum creep-
induced damage which can be reached dmax as 
follows:

d d
Y

Y∞ =
max

max  
(17)

The equation (17) allows dmax to be expressed as 
a material parameter independent of the compres-

sive strength of the material Rc which is present in 
Ymax (see equation 19).

The damage strain energy release rate can be 
expressed as follows:

Y J
k

I= + ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

2 1JJ II+ ⎛⎛⎛
2

2
1

2 3k ⎝⎝⎝μ  
(18)

where I1 and J2 are respectively the first invari-
ant of the effective stress tensor (from the point of 
view of damage mechanics) and the second invari-
ant of the effective stress deviatoric tensor. Ymax is 
a fitting parameter such that dmax is reached when 
the loading allows Y = Ymax to be obtained.

Y R
E

CRmax = 1
2

2

 
(19)

Finally, the creep potential εk can be defined 
from the asymptotic creep-induced damage d∞ by:

ε εkεε d
d

∞
0εε

max
 

(20)

In equation (20), ε0 is the characteristic strain 
for the consolidation process, which is a parameter 
independent of loading.

Therefore, the poro-mechanics formulation (7) 
has to be modified to take into account the cou-
pling between creep-induced damage and poro-
mechanical loading as follows:

σ σ σ
σ

π−
⎛
⎝⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

( ) 1
⎛
⎝⎜
⎛⎛
⎝⎝0bσ b′)σ ′σσ −) 0

b

dcσ  

(21)

Equation (21) allows a great part of the non-lin-
earity of creep amplitude in relation to load level 
to be explained. It is important to mention that the 
different components of delayed concrete strains 
can thus be reproduced by means of a single for-
mulation thanks to a “unified approach” (Sellier & 
Buffo-Lacarrière 2009).

2.3 Calibration parameters

Three steps are required to simulate the delayed 
strains of concrete under different types of load (in 
our case, in direct tension, compression and bend-
ing) by means of the model:

1. The Mshr parameter is first calibrated to simu-
late a free-shrinkage test. This first step is essen-
tial since it defines the consolidation state of the 
material before an external loading.
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2. The basic creep parameters are then calibrated 
by means of compressive basic creep test 
simulations.

3. The final validation is carried out by simulating 
tensile creep tests (in direct tension and in bend-
ing) and by comparing simulated results with 
experimental ones.

The calibration of the creep model parameters 
in compression includes 5 steps described above as 
represented in the figure 2.

− The amplitude  and the kinetics  of the recovery 
supply respectively the compressibility/shear coef-
ficient and the viscosity coefficient of the Kelvin-
Voigt level by means of the parameters Y1SY and 
τ1. Y1SY corresponds to the ratio kKV/ke while τ1 
is the characteristic time of the Kelvin-Voigt level. 
The amplitude of the reversibe part of the creep 
decreases when the value of Y1SY increases.

− The characteristic time of  the Maxwell ele-
ment τ2  which defines the initial viscosity η0 
is adjusted until the initial rate of  simulated 
creep curve match initial rate of  experimental 
results.

− The value of  the characteristic strain for the 
consolidation process ε0 is calibrated to obtain 
the amplitude at the end of  the loading. The 
more important the value of  ε0, the greater the 
final amplitude because an increase in creep 
potential leads to slow-down the consolidation 
process.

− The previous parameters are obtained by fit-
ting experimental creep results where damage 
is not significant, for example for a 30% load 
level which is generally the reference for creep 
tests. The value of the parameter dmax  is such 
that experimental creep test results for higher 
load level (50% in the case of this study) can 

be reproduced without changing the values of 
other parameters.

3 APPLICATION OF THE MODEL TO 
PREDICT BASIC CREEP OF CONCRETE 
UNDER DIFFERENT TYPES OF 
LOADING

3.1 Free-shrinkage simulation

This paper is devoted to the simulation of basic 
creep of concrete under mechanical load. How-
ever, as mentioned in the introduction, creep and 
shrinkage of concrete are coupled and they cannot 
be simply dissociated. This highlights the impact 
of shrinkage, particularly the built-in consolida-
tion phenomenon, in the creep modeling. One 
have to note that the concrete used in this study 
(Ranaivomanana et al. 2013) is the same that the 
one used by Brue (2010) in her PhD. Mshr is then 
determined from the slope of the desorption iso-
therm of Brue expressed as the capillary pressure 
in function of the water content. A Mshr of 1500 
MPa has been found and will be used in the follow-
ing calculations.

A parametric study is then conducted to have 
three different consolidation states before loading 
in order to analyze its impact on creep strain for 
the different types of loading. For that purpose, 
three shrinkage final amplitudes were considered 
by means of three water content evolution laws 
(called evolution laws A, B and C in the following). 
The shrinkage amplitude calculated after 300 days 
are respectively about 35 μm/m, 70 μm/m and 110 
μm/m for the laws A, B and C respectively as shown 
in figure 3. The amplitude of viscous strain under-
gone by the material is actually the most impor-
tant aspect to be taken into account with regard to 

Figure 2. Rheological parameters calibration steps.
Figure 3. Simulated shrinkage strains obtained by 
means of the three evolution laws.
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the consolidation phenomenon. As it can be seen 
in figure 4, the three evolution laws show that the 
model prediction and the experimental shrinkage 
measured after 28 days are in a good agreement.

3.2 Compressive basic creep modeling

The compressive basic creep simulations are carried 
out by considering the three previous assumptions 
on shrinkage. As in practice, shrinkage is deduced 
from total strains to get creep strains. The param-
eters calibration process was explained in above 
section. The value of parameter σdc was fixed to 27 
MPa according to a previous study conducted in 
desiccation conditions (Sellier et al. 2012). Table 1 
summarizes the material parameters and the values 
used for the simulations of the 30% and 50% com-
pressive basic creep with their origin. The speci-
mens were loaded at 28 days while unloading has 
been carried out after 215 days of loading.

The model parameters allowing reproducing the 
experimental results for each assumption on water 
content evolution law are presented in table 2. The 
predicted results are reported on figures 5, 6 and 7.

As can be seen on these figures, a good restitu-
tion of the experimental results can be obtained by 
means of the three assumptions on shrinkage and 
it is thus impossible for now to reject any of these 

assumptions. Some comments can also be made 
about the apparent non-linearity which is actually 
the effect of micro-damage acting as follows:

− Creep-induced damage increases the effective 
stress (from the point of view of the damage 
mechanics) which is responsible for creep strain 
and which increases in turn the creep amplitude.

− Application of a compressive loading tends to re-
close microcracks allowing a better transmission 
of pressure in the loaded direction. This supple-
mentary shrinkage explains another part on the 
non-linearity given that the cracks re-closure and 

Figure 4. Predicted shrinkage strain from 28 days by 
means of the 3 evolution laws compared with experimen-
tal results.

Table 1. Materials parameters used to simulate com-
pressive creep test at 30% and 50%.

Parameter Origin Notation Value

Elastic modulus (MPa) measured E 41617
Poisson coefficient usual υ 0.2
Comp. strength (MPa) measured Rc 68.2
Tens. Strength (MPa) measured Rt 3.0
Pick strain in comp. usual εc 2 × 10−3

Pick strain in tens. usual εt 1.3 × 10−3

Table 2. Rheological parameters used to simulate com-
pressive creep test at 30% and 50%.

Parameter Law A Law B Law C

Y1SY 6 6 6
τ1 (days) 3 3 3
τ2 (days) 80 200 200
ε0 4 × 10−4 3.7 × 10−4 2.7 × 10−4

dmax 0.58 0.52 0.38

Figure 5. Simulated compressive creep curve at 30% 
and 50% obtained with law A.

Figure 6. Simulated compressive creep curve at 30% 
and 50% obtained with law B.
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then the micro-damage attenuation depends on 
the loading intensity. Consequently, only a dam-
age value of about 38% is required when using 
the law C where water effects on solid skeleton is 
the most important instead of a damage value of 
about 58% when using the law A.

However, this creep-induced damage seems to 
have only very little effects on the instantaneous 
mechanical characteristics and on creep recovery 
as pointed out by experimental results. On this 
aspect, more testing using for example non-de-
structive techniques such as acoustic emission will 
help to identify the real nature of this damage.

3.3 Tensile basic creep simulation

Simulation of basic creep tests in tension were 
carried out by keeping the set of parameters 
determined above. It allows the relevance of the 
assumptions made on shrinkage to be validated. 
For that purpose, three load levels are tested, 
namely 30%, 40% and 50% of tensile strength. The 
results obtained by taking law A, B and C are pre-
sented in figures 8, 9 and 10 respectively.

The dissymmetrical creep behaviour observed 
between tension and compression can be explained 
by dissymmetrical creep potentials. In the model, 
this aspect is taken into account by the fact that 
the creep potential εk is expressed as a function of 
the ratio of the applied stress and the compressive 
stress Rc according to equations 17 to 20. Conse-
quently, the creep potential is lower in tension than 
in compression so that tensile creep is more sensi-
tive to shrinkage than compressive creep in rela-
tion to the consolidation phenomenon.

In the case of simulation performed with law A, 
the low amplitude of shrinkage is such that con-
crete is not enough consolidated and that tensile 
creep strain is more important that experimental 

measured strains. However, when the consolidation 
degree is enough (case of simulation performed with 
law B and C), the simulated curves are well located 
in the area delimited by experimental curves.

An aspect not taken into account in the model 
is the negative slope observed experimentally. 
Physically, it could correspond to free-water con-
sumption due to the hydration of anhydrous 
grains (phenomenon of self-healing crack) which 
increases the amplitude and the kinetics of self-
drying shrinkage (Ranaivomanana et al. 2013, 
Rossi et al. 2012). A modification of the Biot ten-
sor modulation to take into account this aspect 
should be proposed in the future.

Given that laws B and C seem to be relevant to 
simulate direct tensile creep, we have conducted 
simulation of bending basic creep only using law 
C. Symmetry considerations lead to consider only 
the quarter of a 10 × 10 × 50 cm concrete beam. 
On the other hand, cubic finite elements with 20 
Gauss nodes were used. A view of the 3D mesh is 
proposed in figure 11.

Figure 7. Simulated compressive creep curve at 30% 
and 50% obtained with law C. Figure 8. Simulated tensile creep curve at 30%, 40% 

and 50% obtained with law A.

Figure 9. Simulated tensile creep curve at 30%, 40% 
and 50% obtained with law B.
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4 CONCLUSIONS

A numerical model has been used in this study to 
analyze the basic creep of concrete. The reproduc-
tion of the delayed behaviour of concrete under 
different types of loading, namely in direct ten-
sion, in compression and in bending by means of 
a single formulation was possible. The originality 
of the model relies on physical phenomena taken 
into account which are consolidation allowing 
creep-site depletion under hydro-mechanical load-
ing and creep-induced damage to be taken into 
account. This study points out the role played by 
shrinkage in the creep modeling. Such an approach 
allows thus a better understanding of the coupling 
between shrinkage, damage and creep in concrete. 
Finally, one have to note that this model is actually 
in progress and ongoing modifications will certainly 
be brought in the future to address missing aspects.
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Figure 10. Simulated tensile creep curve at 30%, 40% 
and 50% obtained with law C.

Figure 11. 3D-view of the mesh used for bending creep 
simulation.

Figure 12. Experimental results and predicted ones of 
bending specific creep at 50%.

The strains obtained on most compressed and 
the most tensioned fiber of the beam are repre-
sented in figure 12 where only simulations corre-
sponding to 50% are presented. As it can be seen, 
experimental results and predicted ones are in a 
good agreement.
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ABSTRACT: The purpose of this study is to determine the bond characteristics of plain round bars 
in low strength concrete. Cyclic pull-out loadings were subjected to both ends of the bar embedded in 
the concrete prisms. Bond stress started to occur from the loaded end when the pull-out load increased 
at the first cycle, while adhesive force remained near unloaded end of the bar. Slip at the unloaded end 
started after the adhesion force vanished along the bar. The distribution of the bond stress along the bar 
converged to an anti-symmetric shape due to the residual tensile stress along the bars. It is estimated that 
the friction force was relatively larger than the restoring force of the bar in the low strength concrete. The 
local bond characteristics were similar to the average bond characteristics regardless of the bond length 
of bars.

bond splitting mechanism of the deformed bars, 
not the bond slipping mechanism of the plain 
round bars. Resistance of the bond mechanism of 
the plain round bars, that was adhesion force and 
friction force at the surface of the bar, was different 
from the mechanical interlock in the deformed bar. 
Therefore, it is impossible to apply the results of the 
deformed bars to the plain round bars. Recently, to 
obtain fundamental knowledge on the rehabilita-
tion of existing RC buildings, the distribution of 
the bond stress and the restoring force characteris-
tics of plain round bars have been investigated by 
using normal strength concrete (Fledman 2007 and 
Verderme 2009). They proposed a bond slip model 
between the plain round bars and normal strength 
concrete through monotonic pull-out loading tests. 
It is very important to investigate the bond char-
acteristic of the plain round bars in low strength 
concrete because the bond mechanism of the bar is 
significantly influenced by the concrete strength.

The purpose of this study is to determine the 
distribution and the bond characteristics of plain 
round bars in low strength concrete. Cyclic pull-out 
loadings were performed using bars embedded in 
concrete prisms with strength less than 13.5 N/mm2. 
The local tensile and compressive stresses of the 
bar were obtained by strain gauges mounted inside 
the bar, as per the references. The main parameter 
being considered is the length of the embedded 
bars. By calculating the tensile force along the bar, 
the relative slip in the bar is also investigated.

1 INTRODUCTION

Seismic evaluations in Japan have found many RC 
buildings to have very low strength concrete (Saka-
maki 2001), and there has been several research 
projects concerning the seismic performance of 
those RC members (Taniguchi 2008). It has been 
reported that the strength of those members 
with plain round bars do not reach the flexural 
strength due to bond slip failure of the main bars 
before yielding. In order to investigate the bond 
strength of the plain round bars embedded in low 
strength concrete, the authors performed monot-
onic pull-out loading tests (Araki and Kagawa 
2010). The relationship between the average bond 
stress obtained dividing the pull-out load by the 
bond area of the bar, and the slip measured at the 
unloaded end of the bar were discussed. They con-
cluded that the bond strengths were very scattered 
and were much lower than the allowable bond 
strength recommended in the current standard. To 
obtain the proper strength of those RC members 
it is necessary to clarify the distribution of bond 
stress along bars and the transition of the distribu-
tion in the reversal loadings.

Distributions of bond stress of reinforcing bars 
in concrete have been performed all over the world 
(Watstein 1947and Mains 1951), and the distribu-
tions of the bond stress obtained from the meas-
ured tensile strains along the deformed bars have 
been investigated. The results were focused on the 
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2 OUTLINE OF EXPERMENTAL WORK

2.1 Specimens

Plain round bar of diameter 19mm was embed-
ded in concrete prism of section 150mm × 150mm. 
Three lengths of the embedment were prepared 
at 10D, 15D and 20D (D is diameter of the 
bar). The lengths of the concrete prisms were 
210mm ~ 430mm depending on the length of the 
embedded bar. The specified concrete strength was 
9N/mm2 to represent low strength concrete of the 
existing RC buildings. (The Standard for Seismic 
Evaluation of Existing Reinforced Concrete Build-
ing (2010) sets 13.5 N/mm2 as the recommended 
lower limit of concrete strength). The concrete 
prisms were not reinforced against splitting fail-
ure assuming that bond slipping failure occurred 
ahead of the splitting of the concrete. Both ends 
of the embedded length were isolated 20mm from 
the concrete to avoid the influence of the concrete 
being compressed with the reaction force of the 
pull-out load. The specimen of embedment length 
(10D) is shown in Figure 1.

The concrete prisms were stored in open air. 
Cyclic pull-out loading tests were performed at 
concrete age of 28 days. Referring to the experi-
mental procedure (Mains 1951) to measure the 
local strain of the bar, strain gauges were mounted 
in the milled groove of the half  plain round bar. 
This half  of the bar was milled to provide a 5mm 
wide groove for the gauges and lead wires. Two 
gauges were mounted at the relative position to 
minimize the effect of local bending of the bar. 
Two processed halves of the bar were bonded to 
each other with epoxy resin. The method of mak-
ing the plain round bar is shown in Figure 2. The 
gauge length was 5mm. Eight or ten gauges were 
equally spaced within the concrete prisms shown in 
Figure 3, spaced at 2.5D for the bond length 10D 
and 5D for the bond length 15D and 20D.

2.2 Material

The mix properties of low strength concrete were 
defined by the preliminary mixing tests. The only 

parameter considered in the mixing tests was the 
water/cement ratio, which is the predominant fac-
tor influencing concrete strength. The water/cement 
ratio in this paper was 110% using a high-range 
water reducing additive to avoid segregation in the 
fresh concrete. The mixing properties of concrete 
are shown in Table 1. The compressive tests of the 
concrete were performed before and after the pull-
out loading tests. The average strength and the 
modulus of elasticity of concrete were 10.4 N/mm2 
and 22.1 kN/mm2 respectively. The yield strength 
of the main bar 19φ was 331 N/mm2. The test 
bars were calibrated under tension with the gauge 
before they were embedded in the concrete prisms. 
The mechanical properties of the test bars before 
and after processing are almost the same. Two rela-
tionships between the tensile stress and the average 
strain are shown in Figure 4.

2.3 Loading and measurement procedure

The test setup is shown in Figure 5. The bar was 
subjected to reversal tensile loads with center-hole 
jack. A bearing was set between the jack and the 

Figure 1. Specimen( bond length 10D).
Figure 2. Method of making test bar.

Figure 3. Mounted strain gauges.
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specimen to avoid an eccentric pull-out load. All 
leads of the gauges were passed through the inside 
of the bar and were drawn out on the verge of 
the one end of the bar. A linear viable differential 
transducer (LVDT) was mounted at the unloaded 
end of the bar to measure the slip displacement of 
the bar end. The cyclic loadings were controlled 
by the measured slip displacement. The target slip 
displacements of each cycle were 0.2mm, 0.5mm 
and 1mm. After slip length of 1mm, the target 
displacement was increased for each 1 mm to 
5mm. After the positive loading, the specimen was 
reversed and the bar was pulled out at the opposite 

side. Assuming that the bond stress along the bar 
was constant the bond stress is calculated as:

τ
φ

=
⋅
P

L  
(1)

where, P is the pull-out load, L is the bond length, 
and φ is the circumferential length of the plain 
round bar. The local tensile stress σn of  the bar is 
obtained by multiplying the modulus of elasticity 
Es to the strain εn as measured by strain gauges. 
The local bond stress τn is expressed as the differ-
ence between the adjacent tensile stresses εn. The 
local tensile stress σn and bond stress τn are calcu-
lated as:

σn = Es ⋅ εn (2)

τ
φn

s sE As ss

L
=

A ( )ε εn nε εεε
⋅ Δ  

(3)

where, ΔL is the distance between the adjacent 
gauges, and As is the cross sectional area of the 
plain round bar.

2.4 Loading and measurement procedure

The distributions of the local tensile stress and 
the bond stress are discussed separately in the 
four loading schemes in Figure 6 (a) ∼ (d). The 
slip did not occur until the pull-out load reached 
point A because the adhesion force was partially 
alive along the bar in Figure (a). The pull-out load 
reached the maximum at point B soon after the 
slip started to occur and decreased gradually until 
point C as shown in Figure (b). Point C was the 
target slip displacement at the first loading cycle. 
The first target slip displacement was determined 
to be 0.2mm. From the test results of low strength 
concrete (Araki and Kagawa 2010), it was con-
firmed that the maximum bond stress occurred 
within a slip displacement of 0.2mm. In a previous 
experimental study concerning the bond character-
istics (Abram 1913), it was reported that slip at the 
maximum bond stress of  normal strength concrete 
was approximately 0.1inch (0.254mm). In a more 
recent study (Verderame 2009), slip at the maxi-
mum bond stress was distributed from 0.1mm to 
0.34mm. The bond strength of  the low strength 
concrete reached its maximum when the slip dis-
placement was relatively small. From point C the 
pull-out load decreased to zero at point D while 
the slip displacement did not change. From point 
D the pull-out load was subjected to the bar end 
of  the opposite side until slip started in the oppo-
site direction at point E as shown in Figure (c). 
From point E the slip increased in the opposite 

Table 1. Mix properties of concrete.

Specified
Strength

W/C
(%)

Sand
Percentage (%)

Additive
(kg/m3)

Slump
(cm)

Fc9 110 55.0 1.17 18

Figure 4. Characteristics of test bar.

Figure 5. Test setup.
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direction while the pull-out load slightly decreased 
until the slip displacement was zero at point F. It 
is estimated that the slight decrease of  pull-out 
load toward a slip displacement of  zero is due to 
the decrease of  the friction force of  the bar which 
re-entered the concrete prism (Verderame 2009). 
After point E the pull-out load again increased 
slightly to the next target slip displacement G.

3 TEST RESULTS AND DISCUSSIONS

3.1 Distributions of tensile stress and bond stress

The distributions of the local tensile stress and the 
local average bond strength of the specimen (the 
bond length 15D) through the reversal loadings 
are illustrated in Figure 7. The distributions of 
the other specimens (10D and 20D) were approxi-
mately the same as the specimen (15D).

3.1.1 Phase O-A
The distributions of tensile stress and bond stress 
under the monotonic pull-out loading are shown 
in Figure 7 (a). Each point is the local tensile stress 
and the local average bond stress at the loading 
points shown in Figure 6. The distribution shape 
is smoothed by 3-dimensional curves (Mains 1951 
and Mizuno1963). In the tensile stress distribution, 
the peak stress shifted to the center of the bar while 
the pull-out load increased as shown in Figure 7 
(a). The peak tensile stress in the distribution was 
60 N/mm2 which was relatively small due to the low 
strength concrete. Tensile stress was not observed at 
the opposite side of the loading. In the bond stress 
distribution, the peak of the bond stress shifted to 
the opposite side of the loading in the early stage of 
the pull-out loading. The resistance of the adhesion 
force rapidly vanished from the loaded end. There-
fore, the bond stress due to the friction force near 
the loading side was approximately zero. The pull-
out load was close to point A and bond stress in the 
opposite direction was observed at the loaded end 
because the embedded bar at this end was affected 
by the concrete compressed by the reaction force of 
the pull-out load. In previous studies (Abram 1913) 
concerning bond stress it was reported that the 
average bond stress was not only influenced by the 
concrete strength, but also various factors; the mix 
properties of concrete, curing, construction method 
and diameter of the bar. In this study the maximum 
bond stress in the distribution was approximately 
2MPa regardless of the bond length.

3.1.2 Phase A-C
The distributions from point A to C in Figure 6 (b) 
did not change significantly as shown in Figure 7 
(b). The peak tensile stress continued to stay at the Figure 6. Loading program.
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Figure 7. Distributions of tensile stress and bond stress along bond length(15D).

same location. The tensile stress decreased toward 
the unloaded end. The peak of the bond stress did 
not change through the loading point A to C. Bond 
stress in the same direction as the pull-out load was 
observed near the loaded end. In the monotonic 

pull-out loading tests for the plain round bars, the 
transition of the distributions of the tensile stress 
and the bond stress were consistent with the results 
of the previous studies (Feldman 2007 and Mizuno 
1963).
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3.1.3 Phase C-E
From the unloading point C in Figure 6 (c), the 
local tensile stress at the loaded end decreased to 
zero at point D while residual tensile stress was 
observed in the middle area of the bar, although 
the tensile stresses of both ends of the bar were 
zero as shown in Figure 7 (c). It is estimated that 
those residual tensile stresses were due to the fric-
tion force between the concrete and the surface of 
the plain round bars. Therefore, the bond stresses 
still remained even though the external pull-out 
load was zero. The residual bond strengths existing 
at the right and left sides of the bar were fully bal-
anced. At point D the specimen was reversed and 
was subjected to pull-out loading in the opposite 
direction. The distributions of the tensile stress are 
shown in the lower part of Figure 7 (c). The tensile 
stress increased at the loaded end (left side of the 
distributions). The peak of the bond stress shifted 
to the unloaded end (right side of the distribu-
tions), while the pull-out load increased.

3.1.4 Phase E-G and G’-E’
The distributions of the tensile stress and the 
bond stress as shown in Figure 7 (d) from point 
E to G was approximately the same because the 
pull-out load was not significantly changed as 
shown in Figure 6 (d). After the reverse from the 
negative loading to the positive loading, the bond 

Figure 7. Continued.

stress through point E’ to G’ slightly shifted to the 
unloaded end.

3.1.5 Phase 6 cycle
The distributions of the tensile stress and the bond 
stress of in the 6 cycle reversal loading converged 
to the same shapes shown in Figure 7 (e). The 
slight transitions of the distribution of the bond 
stress were corresponding to the very low pull-out 
loads.

3.2 Relation between pull-out load and distributed 
bond stress

The relationships of the pull-out load P and the 
summation of the local bond stress in the bond 
length are illustrated in Figure 8. Bond stress 
between the adjacent gauges was assumed to be 
constant. The relationship between both values 
had an extremely high linearity and the summation 
of the local bond strength was 0.97 times of the 
pull-out load by the least-square analysis. It is con-
firmed that the summation of the bond strength 
approximately coincides with the pull-out load 
through the reversal loadings. The maximum posi-
tive pull-out load of 15.7kN occurred during the 
first cycle at point B in Figure 6 (b). The maximum 
negative pull-out load was 6.65kN in the same 
cycle at point G because the adhesion force had 
already vanished in the positive loading.

3.3 Local bond stress and relative slip

It was reported that the relative slip in the bond 
area was different from the slip displacement at 

Figure 8. Pull-out laod versus summation distributed 
bond stress along bond length(15D).
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e T
A E

dxds
s sA E

x

( )x ( )x= ∫
0  

(4)

where T(x) is the force in the bar, As is the sectional 
area of the bar and Es is the modulus of elastic-
ity of steel. The contraction of concrete prism is 
calculated as:

e f x
E

dxdc
cff

sE

x

( )x )x= ∫
0  

(5)

where fc(x) is the compressive stress of the concrete 
prism at point x and Ec is the modulus of elastic-
ity of concrete. The compressive stress fc(x) of the 
concrete by reaction force of the pull-out load is 
calculated as:

f x T
Acff cTT

cA
)x ( )x≅ −

 
(6)

where Ac is the effective sectional area of concrete. 
The relative slip s(x) is calculated as:

s e e

A E A E
T dx

s ce

s sA E c cA E

x
( )x )xx( )x ( )x

( )x dd

= −e )x

= +
⎛
⎝⎜
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⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠ ∫1 1

0  

(7)

After slip at the unloaded end s0 occur the rela-
tive slip s(x) is obtained adding s0 to the relative 
slip due to the elongation of steel and the contrac-
tion of concrete as:

s s
A E A E

T dx
s sA E c cA E

x

( )x ( )x dd= +s +
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠ ∫0

0

1 1

 
(7)

The rate of  relative slip due to the elongation 
of  the steel and the contraction of  concrete was 
small in this study because the existing tensile 
force T(x) in the bar was very low as shown in 
Figure 7. It is estimated that the relative slip of 
the bar in the embedded area (the second term in 
equation (7)) was significantly small because the 
local tension force T(x) was very low. The rela-
tionship between the local bond stress and the rel-
ative slip of  the test specimen (bond length 15D) 
is illustrated in Figure 9. The bond stress τ1 at the 
loading side moved to the negative load area in 
the early stage of  the pull-out loading. The center 
of  the restoring force characteristics was a bond 
stress of  minus 1.1 N/mm2 as shown in Figure 9 
(a). The bond stress τ3 moved to the positive side 
on the contrary τ1. The difference between τ1 and 
τ3 is derived from the distribution of  the residual 

Figure 9. Local bond stress versus relative slip.

the unloaded end of the bar due to the elongation 
of the bar. Slip displacement is derived as shown 
below (Feldman 2007). Elongation es(x) in the 
embedded length is calculated as:
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2. The peak of bond stress shifted to the unloaded 
end when the pull-out load increased until the 
slip occurred.

3. The distributions of the tensile stress and the 
bond stress do not change significantly although 
the bond characteristics deteriorated due to the 
cyclic loadings.

4. The characteristics of local bond stress are 
approximately the same as the average bond 
stress along the bond length.
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Figure 10. Average bond stress versus slip.

tensile stress. The restoring force characteristics 
of  the bond stress τ2 at the center of  the embed-
ded length is similar to the relationship between 
average bond stress and the slip s0 measured at the 
unloaded end of  the bar as shown in Figure 10. 
The average bond strength was less than 1.0 N/
mm2 while the local bond stress was 2 N/mm2.

4 CONCLUSIONS

Based on the results of the pull-out tests using the 
plain round bar and low strength concrete the fol-
lowing conclusions are made;

1. The distributions of the tensile stress and bond 
stress have the same characteristics regardless 
of the bond length.
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Damage evaluation of RC columns subjected to seismic loading 
by energy dissipation using 3D lattice model

M.R. Simão & T. Miki
Kobe University, Kobe, Japan

ABSTRACT: This study is aimed at the application of the 3D lattice model, which based on discre-
tization of concrete in truss and arch analogy is able to express the shear resisting mechanism of RC 
structures in order to perform damage range evaluation of RC columns. Nonlinear dynamic analysis is 
performed using the new multi-directional 3D lattice model for circular cross section columns. Damage 
range evaluation is proposed in terms of energy dissipation capacity. A new damage index that is based on 
the elemental strain energy of concrete and steel reinforcement is proposed. The applicability of the model 
is verified by performing dynamic analysis on a circular cross section RC column that has been tested by 
the E-Defense. The results show acceptable agreement in hysteretic response after cracking and localized 
damage concentration based on the amount of energy dissipated in RC columns is observed.

2 ANALYTICAL MODEL

2.1 Outlines of the 3D lattice model

The development of the 3D lattice model is based 
on the 2D lattice model (Miki & Niwa 2004). Fig-
ure 1 shows the schematic representation of RC 
column using the 3D lattice model, which allows 
the representation of elements in terms of concrete 
and reinforcement. In the 3D lattice model, the 
concrete region is divided in arch and truss part 
and the shear resisting mechanism is represented 
by truss and arch action, and it is assumed that the 
arch action is defined by four arch members that 
connect the loading point with the bottom of the 
column at the opposite corner. The truss action 
can be seen as an idealized compressive strut.

2.2 Multi-directional polygonal 3D lattice model

Circular reinforced concrete columns are favored 
for bridge piers, because of relative simplicity of 
construction as well as omnidirectional strength 
characteristics under wind and seismic loads 
(Ang et al. 1989). However, under these circum-
stances the columns’ flexural and especially shear 
resistance are very important. Based on previous 
studies (Miki & Niwa 2004) the 3D lattice model 
has shown satisfactory capabilities of predic-
tion of shear behavior of RC structural members 
with relative simplicity in analytical procedure. 
Based on the above an analysis concept has been 
developed using the 3D lattice model for circular 
cross section RC columns based on more realistic 

1 INTRODUCTION

Reinforced concrete (RC) structures exhibit a highly 
nonlinear behavior in the event of an earthquake. 
Grasping this behavior is at the top of priorities in 
many analytical techniques currently developed to 
study seismic behavior. In current seismic design, 
large consideration is given to issues of strength 
and deformation capacity, but it is recognizable 
that in structural damage analysis energy dissipa-
tion capacity is one of the key factors in structural 
damage.

The essence of earthquake damage to struc-
tures is the process of energy input, conversion 
and dissipation. In bridge structures, excessive 
displacement and high degree of destruction can 
be observer in bridge piers under repeated cyclic 
loading in the most extreme cases; therefore mod-
eling column behavior with a relative simplicity 
nonetheless accuracy can be useful.

A 2D lattice model has been proposed by 
Niwa et al. (1995) and further enhance by Miki 
& Niwa (2004), which allows reasonable predic-
tion behavior of  RC structural members under 
seismic loading with reduced degrees of  free-
dom by adopting the arch and truss analogy in 
structural discretization. Based on the above 
considerations, this study is focused on the appli-
cability of  the 3D lattice model to perform dam-
age evaluation of  RC columns with circular cross 
section having consideration for the energy dissi-
pation characteristics of  columns under seismic 
excitation.
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multi-directional polygonal discretization. The 
modeling will be further explained.

2.2.1 Modeling of lattice model members
In the multi-directional polygonal 3D lattice model 
the resisting mechanism is based upon the arch 
and the truss analogy presented in Figure 2. The 
discretization from solid concrete to the 3D lattice 
model is performed so that the actual cross-sec-
tional diameter, D of  the analytical model corre-
sponds to that of the target, that means that the 
target defines mesh size and model height.

Figure 2 illustrates a schematic representation 
of arch members for a circular cross section col-
umn as well as truss members in 3D space. The 
representation of vertical and horizontal members 
is detailed in Figure 3. The detailed representation 
of the diagonal members is shown in Figure 4. The 
diagonal members which include a part of repre-
sentation of truss action consist of three parts, 
which are inner diagonal members (IDM), surface 
diagonal members (SDM) and diagonal members 
in transverse direction (DMT) respectively.

In the model the inner diagonal members are 
assumed to be modeled as the truss action in the 
RC column. It is assumed that the modeling of 
diagonal members is preceded by the distribution 
of sixteen peripheral nodes for every horizontal 
layer. The distance between two adjoin nodes is 
equal to the half  of cross-sectional diameter, 0.5D, 
the in-plane nodal positions are set according to 
their polar coordinates defined by x  = r cosφ and 
y  = r sinφ in an orthogonal system, where r is the 
radius of cross-section and φ is the internal angle 
on the cross section defined by a triangle formed 
by joining two successive node to each other and 
the center node. The distribution of truss elements 
within the nodes is detailed in Figure 4.

Longitudinal reinforcement is represented as 
vertical reinforcement member along the sixteen 
nodes per layer defining the geometry of the 
model. Regarding transverse reinforcement, it is 
represented in the form of horizontal reinforce-
ment members uniformly distributed at intervals 
of 0.5D throughout the model as the intervals of 
arrangement are not taken into account.

2.2.2 Cross-sectional area of lattice members
The determination of cross-sectional area of arch 
and diagonal members in the multi-directional 
3D lattice model is performed considering that 
the diameter of the model is invariant for the 
definition of geometry properties of the analytical 
model, which are the height, mesh size and distri-
bution of nodes. Therefore the notion of analytical 
diameter is introduced. An analytical diameter of 
column cross section is the defined as the diameter 
obtained from analytical conditions to calculate the 
cross-sectional area of arch and truss members.

The analytical diameter is obtained considering 
the effect of effective stiffness in dynamic response 
of RC columns. For that, the reduction of the 
flexural stiffness EI thought the inertia of the col-
umn is considered. In this study, reduction factors 

Figure 1. Diagram of 3D lattice model (Miki & Niwa 
2004).

Figure 2. Arch and truss discretization in the 3D lattice 
model for circular column.

Figure 3. Schematic diagram of multi-directional 
polygonal 3D lattice model.
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of moment of inertia ranging from 0.4 to 0.7 times 
gross moment of inertia are considered (Pique & 
Burgos 2008). For the determination of the stiffness 
matrix in the arch members, it is assumed that a sin-
gle arch member is representative of the stress flow 
for analysis purposes. The equivalence of global stiff-
ness of structural systems in 2D and 3D is assumed 
(Miki & Niwa 2004). The cross sectional area of arch 
members is given as presented in Equation 1.

A m
m

AarchA D aA rch Da− D rch=
+
+

⎛
⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

3

2

2

3 22
1

/

 
 (1)

 
A D tarchA D ana− ⋅D t2

2 sinθ  
(2)

where Aarch-3D  = Cross sectional area of arch 
member in 3D; Aarch-2D  = Cross sectional area of 
arch member in 2D; Dana  = Analytical diameter; 
t = Ratio of width of arch to truss members; m = 
Set so that m × Dana = Model height; and θ = Incli-
nation of the arch member.

The determination of the cross sectional area of 
the diagonal members is given as follows:

A A D D
IDA M SA DMSS

anaD=ASA ⋅ °DanaD( )t sin
2 2

45
  

(3)
 

A a
m

D
DMA T

anaD= ⋅ °
2 2m

45sin
 

(4)

where AIMD = Inner diagonal members; ASMD = Sur-
face diagonal members; ADMT  = Diagonal members 
in transverse direction; Dana  = Analytical diameter 
of the column model; t = Ratio of width of arch 
to truss members; and m is set so that m × Dana 
= Model height.

It is noticeable in Equation 3 that cross sec-
tional area of inner diagonal members and surface 
diagonal members is calculated using the same 
equation. This simplification is due to the fact 

that in the pre-analysis process, it was verified that 
omnidirectional properties of a circular cross sec-
tion meant that a single formula for the diagonal 
members in longitudinal direction to the trans-
verse plane could be adopted for simplification of 
analytical procedure.

2.2.3 Material constitutive models
2.2.3.1 Concrete
For the arch and diagonal members of concrete, the 
compression model accounts for lateral restraint 
effect by shear reinforcement. In this model in order 
to consider the effect of confinement by transverse 
reinforcement, the stress-strain relationship pro-
posed by Mander et al. (1988) is used. The com-
pressive softening behavior of cracked concrete is 
given according to Vecchio & Collins (1986) who 
proposed that the ability of fully cracked concrete 
to resist compressive stress decreases as the trans-
verse tensile strain εt increases.

The flexural compression member is assumed to 
be cover concrete that is unconfined and becomes 
ineffective after the compressive strength is reached. 
The stress-strain relationship of un-cracked con-
crete is here represented by a quadratic curve (Vec-
chio & Collins 1986) and an exponential curve.

The flexural tension members of concrete are 
assumed to be located near reinforcement. In this 
region, the concrete behaves with the reinforce-
ments and continues to contribute tensile force 
even after cracking due to the bond effect between 
the concrete and reinforcements. Therefore, after 
cracking, the tension stiffening model (Rokugo et 
al. 1989) is applied to the flexural tension members. 
On the other hand, for the diagonal tension mem-
bers that consist of concrete far from reinforce-
ment the tension softening curve, the so-called 1/4 
model proposed by Uchida et al. (1991) is applied. 
The fracture energy of concrete GF, is as sumed to 
be 0.1 N/mm.

Figure 4. Representation of the truss elements.
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2.2.3.2 Reinforcing bar
The envelope stress-strain relationship of reinforce-
ment is modeled as a bi-linear. The tangential stiff-
ness after yielding is set as 0.01Es, where Es denotes 
the Young’s modulus of reinforcement. After 
yielding, the stiffness of reinforcement decreases 
when the stress stage changes from tension to com-
pression, while similar behavior is observed when 
the stress stage changes from compression to ten-
sion. In the analysis, this phenomenon due to the 
Bauschinger effect is considered by using a numeri-
cally improved model of reinforcement by Fuku-
ura & Maekawa (1997).

3 ENERGY DISSIPATION OF RC 
COLUMNS AND DAMAGE RANGE 
EVALUATION

3.1 Hysteretic energy dissipation

Tembulkar & Nau (1987) stated that damage 
attained by a RC member under dynamic loading 
can be assessed by a well-constructed hysteretic 
model. Furthermore, with well-defined param-
eters, energy based hysteresis models may success-
fully represent seismic response considering the 
deteriorating behavior of RC members.

On the other hand, Bousias et al. (1995) 
reported that the strong coupling between the two 
transverse plane directions of columns produces 
an apparent reduction of strength and stiffness in 
each of the two transverse plane directions when 
considered separately, but also an increase in hys-
teretic energy.

With that, the cumulative hysteretic energy dis-
sipation is a very important notion in the analy-
sis of cyclic behavior of RC structures, because it 
relates to the global damage potential and energy 
capacity. The hysteretic energy is calculated con-
sidering the area of each loading cycle in the X 
(longitudinal) and Y (transverse) direction for the 
lateral force and displacement relationships, and 
the total energy dissipation is calculated as the sum 
of these two parts. Equations 5–7 express the ana-
lytical relationships.

Ed F dx xd FF xd= ∫  
(5)

Ed F dy yd FF yd= ∫   
(6)

Ed F d F dtotadd l xFF x yd FF yd+F dFF xd= ∫∫∫  
(7)

where Edx = Energy dissipation in X direction; 
Edy = Energy dissipation in Y direction; Edtotal = 
Total energy dissipation; Fx = Force in X direction; 
Fy = Force in Y direction.

3.2 Elemental energy dissipation

The 3D lattice model offers some unique charac-
teristics in terms of analytical capacity of the com-
posing analytical elements. Because of the truss and 
arch analogy, the analytical response is obtained 
individually for every component of the system. 
The lattice model comprises several elements, and 
it is assumed that an average stress and strain rela-
tionship governs each one of them. In other words, 
the stress and strain relationships define the strain 
energy for each element in the lattice model.

This definition can be very useful for the calcula-
tion of strain energy after the target of analysis has 
reached the yielding point, and especially because 
of highly nonlinear behavior of concrete after 
cracking. That way, the strain energy is defined as 
presented in equation 8.

EstE rain = ( )i i+ ( )i i
1
2

)( i i)( i ii i+i −i i
 

(8)

where Estrain = Strain energy; σi = Stress in i node; 
σi-1 = stress in i-1 node; εi = Strain in i node; and 
εi-1 = Strain in i-1 node.

By taking into account the energy dissipation in 
individual elements, the distribution of energy dis-
sipation in a RC column can be evaluated by the 
dynamic lattice model. Based on this assumption 
the energy dissipated in each element can be calcu-
lated from the product of the strain energy dissi-
pated in each element, where the strain energy is the 
area enclosed by the stress-strain relationship for the 
unloading and reloading curves, and the elemental 
volume. RC member accumulated energy dissipa-
tion will be the sum of all the elemental energy dis-
sipation histories as shown in equation 9 below.

EdissiE p iii i

n ( )Es VE iEsEE iVVEsEEEsEE∑∑ 1  
(9)

where Edissip = Acumulated energy dissipation at the 
member Esi = Strain energy in element I; Vi = Vol-
ume of element i.

3.3 Damage range evaluation

The evaluation of seismic damage of concrete 
structures is very important in order to take coun-
termeasures, such as repair and strengthening the 
deteriorated structures after severe earthquakes. 
However, global damage condition of a structure 
can only be assessed using energy methods if  there 
is knowledge about the total energy capacity.

Based on the arch and truss assumption used in 
the lattice model it is possible to determine from 
an elemental level the expected energy capacity of 
single elements and compare them to the response 
obtained from the analysis
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3.3.1 Assessment of seismic damage using 
damage index

In order to use the energy dissipated as an indica-
tor of seismic damage in concrete structures, the 
total energy dissipated must somehow be normal-
ized so as to compare the results of different size 
specimens (Inoue 1994).

Furthermore, the key questions of how much 
seismic energy dissipation capacity that a struc-
ture possesses as well as localization of damage 
are essential in damage range evaluation. In this 
study, the damage range evaluation is performed 
from the material point of  view, which means that 
the stress-strain relationships of  the RC structural 
members are used to determine energy dissipa-
tion capacity and ultimately damage range. Since 
reinforced concrete is composed of concrete and 
reinforcing steel, its damage can be defined by the 
composition of the damage sustained by concrete 
and by reinforcing steel as shown in Equation 10 
below.

D D DRCD concrete stD eel+DconcreteD  (10)

where DRC = Damage in reinforced concrete; DCon-

crete = Damage in concrete; and Dsteel = Damage in 
steel reinforcement.

Here the assumption is that the material`s ulti-
mate energy dissipation capacity is calculated from 
the constitutive model of material, within certain 
set strain parameters. In that manner, for concrete 
in compression is used the model proposed by 
Mander et al. (1980) shown in Figure 5, concrete in 
tension proposed by Okamura & Maekawa (1991) 
and Uchida et al. (1991) shown in Figure 6, and 
reinforcement proposed by Fukuura & Maekawa 
(1997) shown in Figure 7. In the case of concrete 
the maximum strain in compression is assumed 
to be 0.0035 when concrete crushes and the maxi-
mum compressive stress corresponds to 0.002 of 
compressive strain and the maximum tensile strain 

is calculated using the 1/4 model by Uchida et al. 
(1991).

Damage index in the material will be derived as 
the ratio between the analytical response energy 
dissipation and the energy dissipation calculated 
using the constitutive models, assuming that they 
represent the maximum energy dissipation capac-
ity of a material under the conditions previously 
explained.

Since elemental energy dissipation has been 
defined as the product between strain energy and 
elemental volume, the damage index in material can 
be expressed as the ratio between strain energy of 
analysis response and strain energy obtained using 
the constitutive models. The damage relationships 
are presented in Equation 11.

D D
Es

EsconcreteD stD eel
response

constitutive

=D l

  
(11)

here DConcrete = Damage in concrete; Dsteel = Dam-
age in steel reinforcement, Esresponse = Strain energy 

Figure 5. Compressive model of concrete (Mander 
et al. 1980).

Figure 6. Tension softening model (Uchida et at. 
1991).

Figure 7. Stress-strain relationship of steel reinforce-
ment (Fukuura & Maekawa 1997).
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obtained from analytical response; and Esconstitu-

tive = strain energy obtained from the constitutive 
models.

Seismic performance objectives can be defined 
as the coupling of expected performance levels 
with expected levels of seismic ground motion. 
According to Li-Dejian et al. (2013) and Huanjun 
et al. (2013), structural damage conditions can be 
assessed from 0–1. In this notation, damage con-
dition 0 means no damage at all, while damage 
condition 1 means total failure of structure. In this 
study, this convention will also be applied at the 
material level.

However, the performance indexes between 0–1 
shall be defined in a different manner. The criti-
cal values for performance are defined using the 
constitutive models of materials, especially hav-
ing in mind that in real structures they are the best 
approximation available to the expected global 
performance of structures. In that manner critical 
damage point correspond to the point where dam-
age potential changes from moderate to high and 
are defined as follows:

CDP
Es Es

EsconcretePP compression tensile

concrete total

=
+

−  
(12)

CDP
Es

EsstPP eel
yielding

steel total

=
−  

(13)

here, CDPconcrete = Critical damage point in con-
crete; CDPsteel = Critical damage steel point in steel 
reinforcement; Escompression = Strain energy at maxi-
mum compression point, assumed in this study 
to correspond to a compressive strain of 0.002; 
Estensile = Strain energy at cracking of concrete in 
tension; Esyielding = Strain energy at yielding of rein-
forcement; Escoconcrete-total = Total strain energy of 
concrete; and Essteel-total = Total strain energy in steel 
reinforcement.

In the other hand as previously stated, the accu-
mulated damage in a reinforced concrete structures 
results from the composition of damage in con-
crete and damage in steel reinforcement. In most 
RC structures, even in the event of total failure or 
collapse damage tends to be localized, therefore it 
is important to focus the evaluation of damage at 
the regions of most potential for damage that leads 
failure.

Simão & Miki (2014) reported that on a can-
tilever bridge column, about 50% of damage is 
concentrated below the column mid-height. Based 
on that, it is reasonable to assume that the most 
significant concentration of damage at the bottom 
is very representative of damage condition. In this 
study, concentrated damage in cantilever columns 
should be focus on the column bottom.

4 DAMAGE EVALUATION OF RC 
COLUMNS WITH CIRCULAR CROSS-
SECTION

4.1 Analytical target (Kawashima et al. 2010)

The analytical target is a circular cross section 
column named C1-5 tested using a shake-table by 
E-Defense.

The specimen, shown in Figure 8 is a cantilever 
circular column with diameter 2000 mm. The 
heights of the column and footing correspond to 
7500 mm and 1800 mm respectively.

The longitudinal and transverse reinforcement 
have a nominal strength of 345 MPa (SD345) and 
the design concrete strength of 27 MPa. Sixty four 
deformed 35 mm diameter longitudinal bars are 
presented in two layers, while deformed 22 mm cir-
cular ties are set at 150 mm and 300 mm intervals 
in the outer and inner longitudinal bars.

Column C1-5 was excited using a near-field 
ground motion which was recorded at the JR 
Takatori Station during the 1995 Kobe earthquake. 
Taking into account the soil/structure interaction, 
a ground motion with 80% of the original intensity 
of JR Takatori name E-Takatori was imposed as 
command to the table in the experiment.

In the experimental program, C1-5 has been 
excited under different conditions, however in 
this study the analysis will focus on C1-5(1) cor-
responding to 100% E-Takatori and C1-5(3) cor-
responding to 125% E-Takatori accelerations, 
respectively. In order to analyze column C1-5, 
an analytical model shown in Figure 9 was used. 
Localized damage evaluation is performed in case 
C1-5(1). The height of  the column portion is 1000 
mm corresponding to the first layer of  lattice 
model elements.

Figure 8. C1-5 specimen details (Kawashima et al. 
2010).
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4.2 Analytical results and discussion

The analytical results of cases C1-5(1) and C1-5(3) 
are presented in Figure 10 for load-displacement 
relationships and Table 1 for the energy dissipation 
evaluation. Table 2 presents the results regarding 
local damage evaluation of C1-5(1).

Looking at Figure 10, the analytical results 
present acceptable hysteretic agreement with the 
experimental results after cracking of concrete in 
both directions for C1-5(1) and in longitudinal 
direction for C1-5(3).

In transverse direction however, for C1-5(3) 
although the behavior is generally agreeable 
between analysis and experiment, the analysis 
underestimates the maximum displacement. On 
the other hand in the hysteretic response of both 
C1-5(1) and C1-5(3), there is an overestimation in 
initial stiffness because of the number of members 
needed to correctly represent the geometry of the 
column. A circular cross-section column to be rep-
resented using the 3D lattice model requires more 
detailing than an equivalent rectangular cross-
section column (Simão & Miki 2014), thus is by 
tendency stiffer before cracking of concrete.

In Table 1, the hysteretic energy dissipation 
relation calculated for the analytical and experi-
mental cases show that for case C1-5(1) the ana-
lytical energy dissipation is 24% bigger than the 
experimental case. Looking at both directions, 
the distribution of energy is very similar for both 
experimental and analytical results. However in the 
case of C1-5(3), the analytical energy dissipation 
is 23% smaller than the experimental energy dis-
sipation. In the analysis, the hysteretic response in 
transverse direction underestimates the maximum 

displacement visible. Although differences are 
observed in the energy dissipation capacity pre-
dicted, the general results are acceptable for the 
pre-established strain conditions.

In Table 2, the details of damage localization 
analysis for column C1-5 (1) show the energy based 
behavior of concrete and steel individually. The 
results show that response strain energy of con-
crete is about a third of constitutive strain energy 
of concrete, while in reinforcement the analytical 
strain energy is sixteen times smaller than the con-
stitutive. This reinforces the idea that energy the 
energy dissipation potential of steel reinforcement 
is by large most significant than that of concrete.

The energy dissipation capacity obtained from 
the analysis for concrete shows that about 30% of 
energy is dissipated in the target region, while rein-
forcement dissipates less than 1%. This means that 
by large in the given conditions, the damage poten-
tial is bigger in concrete than in steel.

Furthermore, concrete and reinforcement do 
not reach the critical damage point, however the 
analytical CDP of concrete compared to the con-
stitutive CDP suggests that cracking of concrete as 
already occurred based on the fact that in concrete 
tensile strain energy is smaller than compressive 
strain energy and further confirmed by reports on 
experimental results by Kawashima et al. (2010). 
In reinforcement however, based on comparison of 
CDP analytical and constitutive damage range is 
very small.

Looking at the damage index of materials, it is 
clear that concrete sustained some level of damage, 
but not critical, while steel suffered little damage and 
contributed more to seismic response of column.

Figure 9. Analytical model.

Table 1. Hysteretic energy dissipation of column.

Hysteretic Energy
dissipation KN-m C1-5(1) C1-5(3)

Analysis (1) 353 2466
Experimental (2) 283 2808
(1)/(2) 1.24 0.87

Table 2. Local damage evaluation of C1-5(1).

Concrete Steel

Strain energy
KN/mm2

Analysis 28.02 15.86
Constitutive 84.07 253.87

Energy dissipation
KN-m

Analysis 3.20 6.21
Constitutive 10.99 96.50

Critical damage
point (CDP)

Analysis 0.30 0.06
Constitutive 0.56 0.34

Damage index 0.33 0.06
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5 CONCLUSIONS

1. The applicability of  the 3D lattice model to 
perform damage evaluation of  reinforced con-
crete columns with circular cross section is 
proposed using the multi-directional polygo-
nal 3D lattice model. The analytical results 
confirm the applicability of  the model, espe-
cially the hysteretic response after cracking of 
concrete.

2. Damage evaluation has been proposed from 
the material point of view considering the accu-
mulated energy dissipation of concrete and 
reinforcement, which are dependent on strain 
energy. Analytical results show that by large 
scale, steel reinforcement is the most dominant 
material in seismic resistance capacity.

3. The analysis of damage considering the criti-
cal damage (CDP) condition point, allowed the 
reasonable prediction of real structure damage 
condition. At this point in this research, suffices 
to assume that damage range potential between 
0 and CDP is moderate, while damage range 
from CDP to 1 is consistent with more severe 
damage potential, especially for concrete which 
presents less ductility capacity when compared 
to steel reinforcement.
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ABSTRACT: The aggregate is used as a principal element in concrete because it presents a ratio of not 
less than 60–78% as size and 63–85% as weight. Furthermore, the aggregate is needed for manufacture 
of concrete from economic point of view because it allows to reduce the level of link (cement), which is 
more expensive, from technically point, it increases the stability of the dimensions (shrinkage, creep) and 
be more resistant than the cement. This paper describes firstly, the effect of all size of aggregates on the 
compressive strength of the ordinary concrete used in buildings. The importance of this effect is deter-
mined by conducting laboratory experiments on ordinary concrete prepared using aggregates of different 
size (but same type: limestone) without varying water cement ratio in this phase. Physical properties of 
aggregates classified using the initial experiments such as: sieves analysis, the water content test; coef-
ficient of absorption, bulking of sand test, cleaning of aggregate, porosity and real volume bulk density. 
In addition, Micro Deval test used to determine Los Angles coefficient. In the first phase of this research 
and the same as, for all size of aggregates, ordinary concrete prepared using smaller size of aggregates 
demonstrated higher compressive strength values. Secondly, this paper studied the effect of HAA Dyna-
mon and Adricete BVF admixture on the compressive strength of the ordinary concrete with vary water 
cement ratio, in terms of reducing the water content within the normal concrete, according to the specific 
proportions of cement weight and classification of the mechanical properties of fresh and solid concrete 
at 28 days and examined the benefits of admixture in terms of improving the compression resistance.

with size of aggregate and water cement ratio in 
the mix which leads to the conclusion that shape 
of aggregate shall be considered as an important 
parameter in deciding the suitability of course 
aggregate to prepare pervious concrete.

The influence of  aggregate shape on the fracture 
energy, tensile strength and elasticity modulus in 
concrete is considered (Rocco & Elices, 2009). The 
compressive strength of  concrete depends on the 
water to cement ratio, degree of  compaction, ratio 
of  cement to aggregate, bond between mortar and 
aggregate, and grading, shape, strength and size 
of  the aggregate ( Abdullahi, 2012). Anastasios 
et al. 2006 examined the effects of  coarse aggre-
gate type and size on the mechanical properties 
of  concrete, in an effort to develop more cost-
efficient mixes for pavements and other highway 
structures. They studied if  the cement efficiency 
of  standard Ohio Department of  Transporta-
tion (ODOT) concrete mixes for pavements and 

1 INFLUENCE OF AGGREGATE SIZE

1.1 Introduction

Identification of the constituents of an aggregate 
is essential to know the performance the aggregates 
tested before they are used in concrete. The most 
commonly used aggregates—sand, gravel, crushed 
stone, and air-cooled blast-furnace slag produce 
freshly mixed normal-weight concrete with a den-
sity (unit weight) of 2200 to 2400 kg/m3 (140 to 
150 lb/ft3). Shape of aggregate used in manufac-
turing of pervious concrete has remarkable bear-
ing on compressive strength and permeability of 
pervious concrete. The magnitude of this effect is 
determined by conducting laboratory experiments 
on mixes of pervious concrete prepared using 
aggregates of different shape with varying water 
cement ratio (Jain et al. 2011). They indicated that 
strength and permeability of pervious concrete 
vary as a function of shape of the aggregate along 
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other transportation structures can be improved 
by the use of  larger sized coarse aggregates. They 
showed that coarse aggregate properties often did 
not have a significant effect on the mechanical 
properties of  concrete. Aginam et al. 2013 used 
in their investigation, crushed granite, washed 
gravel, and unwashed gravel. They found that 
the 28 day strengths of  the concretes made with 
crushed granite, washed gravel, and unwashed 
gravel were 25.1 N/mm2, 20.0 N/mm2, and 16.9 N/
mm2 respectively. Consequently, it was concluded 
that the strength of  concrete depends greatly on 
the internal structure, surface nature and shape of 
aggregates.

This research studies influence of various size 
of limestone aggregates on compression strength 
at 28 days.

1.2 Materials

Cement: according to Egyptian code, an ordinary 
Portland cement (CEM I 52.5) was used. Appar-
ent volume bulk density measured in laboratory is 
1.254 g/cm3.

Sand: sand used in the search is fetched from the 
apse area Aljabal. Where it found a large propor-
tion of harmful impurities concrete resulting from 
the lack of clean sand was told to sell it, according 
to global standards. Sieve analysis showed that this 
sand size is 0–2 mm. Apparent volume bulk den-
sity measured in laboratory is 1.77 g/cm3.
Aggregate: source, four aggregate samples were 
taken from area Aljabal of the quarries (breaker) 
near the Quba area.

1.2.1 Morphology of aggregates
In collaboration with the Department of Micro 
Scoop a microscope was used to check the aggre-
gates samples before and after their introduction in 
concrete. Figure 1 shows the physical properties of 
the granules observed by electron microscope. The 
magnification microscope scale is 1/40, but we have 
encountered some problems in the full recognition 
of these properties and the reason is the weakness 
of possibilities that exist in the workplace, which 
has the process of conducting this experiment 
Laboratory.

Surface broken: the surface is irregular due to 
abrasion and take slant to rotate the shape (fig 1a), 
the form is semi-round, either the surface of the 
granulate almost free of soft material (see fig 1b).

Surface broken: figure 2a shows the granule 
form that takes non-regular shape, while in figure 
(2b), the surface has a beloved distortions with no 
soft materials.

Figure 3 shows the surface of the grain only the 
lack of a soft material and the presence of hetero-
geneity on the surface.

1.2.2 Physical properties of aggregate
sieve analysis: it allows the identification and 
determination of various diameter of the granules 
that form aggregates. Therefore, the sieve analysis 
works on the separation and classification with the 
help sift these granules under their own diameter. 
Sieve curve obtained from the analysis of the note 
and allows investment this information simply. 
Experiment steps are subjected to the European 
Code NF P 18 560.

This code is applicable for the diameter of aggre-
gate larger than 100 micrometers.

After applied sieve analysis on dry aggregates, 
we found that the type of aggregates is limestone, 
so the diameters of the aggregates from sieve anal-
ysis were (8/37.5), (1/25), (1/19) and (1/62.5).

The vibration is not enough to work landing 
soft material at the bottom, so the code permits 
to wash the aggregate on smaller sieves. In fact, 
the water works to drag soft material with him. 
Using smaller sieve analysis only ensures the carry 
of soft material with him through the sieve. So the 
process of washing is not the aim of cleaning the 
aggregate, on the other hand, it is important to be 
clean grain but this does not mean removing soft 
material because they are a part of the soft-grain 
components of the aggregate. This means must be 
taken in account the percentage of soft material 
weight. Figure 4 shows the washing process.

Figure 5 shows sieve analysis curves for the sand 
(0–2 mm) and different sizes of aggregates.

For sand fineness modulus is 2.96. Fig (5a) 
shows the following points:

• curve (1/19mm) convergence properties of aggre-
gates with a diameter 1/25, continuously curved, 
the particle size isn’t tight;

Figure 1. Granulate form, size is 1/19 mm.

Figure 2. (a) Granule form; (b) the surface of the grain, 
size is 1/25 mm.
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• curve (1/25mm) continuous gradation, good 
gradient and granulate almost be different sizes;

• curve (8/37.5mm) curved inclined to continuity, 
and inclined to be vertical, is curved weak gradi-
ent and sizes close;

• curve (1/62.5mm) continuously curved inclined 
to be vertical, has a approached grain sizes;

• curve (sand) note that sand has a low ratio of a 
fin materials and the quality of sand is normal.

After washing the aggregates, the percent of 
fin materials diminishes and overall the curve pre-
sented in fig (5b) has approached behavior than fig 
(5a).

Real volume bulk density and coefficient of 
absorption until constant mass: according to 
EN 1097-6, the real volume density of aggregate 
was determined by immersing the aggregates in a 
bowl during 24h under the water. By measuring 
immerged weight, dried and saturated weight, we 
can find mean real volume density (ρconstant mass).

Real volume bulk density by graduated test 
tube: this is a simple test depending on the meas-
ure of the difference between the volume V1 (water 
volume in graduated test tube) and V2 (granulate 
inside the same test tube) while taking into account 
the elimination of air bubbles, we can find mean 
real volume density (ρtube)..

Real volume bulk density by using the balloon: 
this method depends on the using glass bowl in 

form of balloon filled with water and covered 
with a glass lid with a rectangular shape. From 
the measured weight of bowl with and without the 
aggregates in presence the water, we can find mean 
real volume density (ρballoon).

Real volume bulk density by using trellised bas-
ket: according to NFEF 1097-6, in this method, it is 
necessary to determine immersed weight of aggre-
gates under the water during 24h in trellised and 
leave immersed in a bigger bowl with water so that 
the water level is at least 50mm from the top. After 
it is dried sample surface quietly on the first piece 
of cloth and then transferred to another soft cloth 
and absorber when the first piece does not absorb 
water again. Is published aggregates so exposed to 
the open air until the water surrounding each gran-
ule disappears and is taking the weight, we can find 
mean real volume density (ρtrellised).

The following tables illustrate some of the basic 
properties of aggregates, information through pre-
vious experiences:

Bulking of sand test: with increasing the size 
of the water content in the sand, the size of the 
soft material in the sand begins to increase. In fact, 
the materials used for the manufacture of concrete 
at the site from which the material aggregates do 
not always have good storage (storage under the 
open sky) volumetric weight of the wet sand lead 

Figure 3. Surface of grain, size is 8/37.5 mm.

Figure 4. Washing process on smaller sieves.
Figure 5. Grain size analysis curve of aggregates.
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in mixing concrete to a lack of soft material and 
this produce has negative effects on the quality of 
the concrete.

The goal is to measure variables in the virtual 
weight of the sample volume of sand from the 
gradual increase of the water content. In this test, 
we used following percent of water content: 2%, 
3%, 4%, 5%, 6%, 7% and 10%.

Figure 6 shows that for the addition of water 
there is an increase in volume due to the membrane 
that are the grains of sand, which reached its peak 
at 3.2%, but with increase the water content broke 
(water bridge) or membrane, causing the adhesion 
of sand grains directly with each other and the 
expulsion until the air particles, which caused the 
reduction in size from the original size of the sam-
ple, a trend that appears in the negative values. If  
added to the sand or water was wet, the thin layer 
of water-jacketed grains of sand, and pay-grained 
away from each other due to the impact tensile 
surface phenomenon and thus increases the sand 
size and stop those volumetric increase of sand on 
the amount of moisture to some extent and then 
less than if  increased humidity where under the 
influence of surface tension gradually to that sand 
back to its original size and value rises volumetric 
increase the smaller the grains of sand, and that 
due to the increased surface area (the effect of 
increasing the tensile surface).

Cleaning of aggregate: overall quality aggre-
gates used in the concrete to be an important 
factor, in addition to a good distribution of aggre-

gates, acceptable to granulate and shape provides 
satisfactory cleanliness. In fact, if  the granulate 
be submerged by surpassing the amount of soft 
component which is usually of mud, it prevents 
the coalescence well with the cement past also 
cause decreasing in the mechanical resistance of 
concrete.

In this test it is necessary to determine soft-
containing materials in the granulate appoint labo-
ratory, by cleaning the granulate on 0.5 mm sieve 
using clean water, and the ratio obtained be spe-
cific after dry process remaining on this sieve. The 
percent obtained from this test are: 1-19(0.13%), 
1-25(0.11%) and 8-37.5(0.03%). According to the 
XP P 18_540 code on the surface cleanliness small 
aggregates in concrete are:

1. granulate of a few or is unbroken: 1.5%
2. broken rocky granulate: 3%

We can ignore the cleanliness of the granulate in 
the Alabel due to geological between Europe and 
Libya.

Table 1. Real volume bulk density values.

Size
mm

ρ(constant 
mass)
g/cm3

ρ(tube)
g/cm3

ρ(balloon)
g/cm3

ρ(trellised)
g/cm3

1–19 2.57 2.41 2.39 –2

1–25 2.45 2.93 2.54 –2

8–37.5 2.61 2.52 2.21 –2

1–62.5 –1 2.63 –1 2.41

* (1): big size; (2): small size

Table 2. Physical properties of aggregates.

Size
mm

Mean real
volume
Bulk density
g/cm3

Coefficient of
absorption
%

Porosity
%

Water
content
%

1–19 2.47 2.45 16.6 4.60
1–25 2.64 2.88 8.4 4.19
8–37.5 2.48 2.04 6.1 4.84
1–62.5 2.50 2.49 14.5 5.32

Figure 6. Increase in volumetric mass relative initial 
volume in function of the water content.

Figure 7. Aggregates after the failure process.
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1.2.3 Determination of the mechanical properties 
of the aggregates

Los Angles abrasion value test is used. Measur-
ing the amount of  material lower than 1.6 mm 
resulting from the refraction and the failure of 
the aggregate of  balls found in the interior of 
the cylinder rotation. Usually this experience is 
important for granulate roads. In fact the fre-
quent passage of  vehicles leads to sharp refine-
ment of  the granulate and to lower docking 
between wheels on the asphalt as well as assess 
the quality of  aggregates used in concrete prepa-
ration. introduced with precaution took mass 
M = 5000 g and the charge of  the particle size 
range balls after 500 rotations of  the machine 
with a regular speed between 30–33 tr/min gran-
ulates collect and sift 1.6 mm, the percentage 
of  refuse compared the initial mass present the 
coefficient Los Angles equal to 68% (see fig 7). 
Then from NFP18_573 code the classification of 
aggregate is limestone.

Water
For preparation of mix and curing of concrete 
samples, potable water supplied from a tube well 
located in the campus was used.

1.3 Mix proportions

To obtain high strength of  concrete, we used the 
general proportion in construction at Aljabel 
town. W/C ratio can be in the range of  0.54. The 
quantity of  sand used is 810 kg/m3. The increase 
of  cement content leads to the increase of  the com-
pressive strength of  concrete. The total cementa-
tions material content is 350 kg/m3. Furthermore, 
one type (limestone) and four sizes of  aggregates 
(1/19, 1/25, 8/37.5 and 1/62.5 mm) were used to 
conduct the study, aggregate content 910 kg/m3.

1.4 Manufacture of composite

The preparation of concrete is mixed following 
weight components ratios mentioned before. It is 
dry mixing of aggregates, cement and sand respec-
tively for 3 minutes and then water is added and 
confused for two additional minutes so that the 
total mixing time does not exceed 5 minutes are 
taking into account wetting surface of mixture 
before mixing.

Four concrete mixtures of normal concrete var-
ied in size of aggregates have prepared, the form 
of concrete was cubic samples (size: 150 × 150 × 
150 mm) and cylindrical samples (size: 160 × 320 
mm).

Specimens have removed from the mold after 
24h and they were immersed under the water of 
20°C, time curing 28 days.

1.5 Test methods

1.5.1 Fresh concrete
Standard slump test is used. The essential property 
of fresh concrete workability is making capable of 
performing only import what volume. Many fac-
tors affect workability of them form aggregates 
and grain size. The variable characterizing the 
workability is its consistency measurement can 
be performed easily on site with slump test, is a 
subsidence of a volume of truncated concrete test 
according to NF P 18-451.

Flow test: is to set the percentage of the flow and 
the workability of concrete, to characterize the flu-
idity of the concrete after mixing, we proceeded to 
the measurement of the flow on a smooth surface 
using the pre-moistened mold to place the fresh 
concrete. The flow can also be expressed in% of 
the variation in the diameter of the wafer formed 
by the diameter of the mold according to ISO 9812 
following experimental formula:

E Df i iD( )D Df iD D−DfD /D))  (1)

where Df is the final diameter of the wafer formed 
by the fresh concrete and Di is the inside diameter 
the mold as showed in fig 5.

Apparent volume density: on fresh concrete 
allows knowledge of changes resulting from the 
addition of the aggregate in concrete on apparent 
volume density. It is simple test to achieve at the 
site then it determines measuring the weight of 
fresh concrete fills a mold 1L. All test realized at 
28 days.

1.5.2 Hard concrete
Apparent volume density: The same measure 
method is used for hard concrete as that used for 
fresh concrete.

Compression test: according to SIA162 code 
we measured maximum strength of concrete and 
Young’s modulus. Figure 9 shows the extensometer 
used to measure vertical deformation.

Indirect tension test: according to NFP 18-408 
code.

Speed of sound: This is one of the non-impor-
tant experiments that allow knowledge of several 
properties of concrete once, such as: the homoge-
neity of concrete, the possible existence of voids or 
cracks out. This test is realized according to 13311 
IS (part 1 1992). The principle of the test consists in 
measuring the speed of sound within the concrete. 
This rate is higher as the concrete is stronger.

Sclerometer test: according to NF P 18-417, 
this test is realized on cylindrical and cubic con-
crete sample. In fact it is to test the surface hard-
ness of hardened concrete (project). This hardness 
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increases as the concrete is more resistant, it helps 
to have an order of magnitude of the damage 
resistance concrete at a given age.

2 RESULTS AND DISCUSSION

2.1 Fresh concrete

Aggregate size has major influence on slump test 
than subsidence values increase with. For flow test 
(E) it has been found that the percent of wafer size 
increases with aggregate volume. Furthermore, 
apparent volume density (ρav) corresponds to the 
mass of aggregate and to its volume. But in the vol-
ume, we count the voids. More aggregates are large 
voids are more important because the aggregates 
do not fit perfectly and the bigger they are the 
less they fit and therefore more occupy the empty 
volume.

We note that 1/62.5 mm specimens give high val-
ues due to the heterogeneity of the concrete, see 
table 3.

2.2 Hard concrete

We have observed the convergence of the values of 
the apparent volume density (ρav) due to the com-
paction process. Mechanical behavior of cylindri-
cal samples appeared that maximum stress (σcyli) 
tends to increasing with smaller size of aggregates; 
and the longitudinal deformation diminishes with 
1–62.5 mm size; Elastic module remains approached 
except with 1–62.5 mm size of aggregate. For cubic 
samples, the maximum stress (σcubic) is greater than 
that of cylindrical samples and they give the same 
results as cylindrical samples, see table 4.

Table 5 gives the strength values and elastic 
module of  sound test. The results obtained from 
the test indicate that the wave speed with excellent 
properties of  concrete, considering that the wave 
speed is greater than 4000 m/s. Also the resistance 

Figure 8. The variable concrete workability according 
to the diameter of aggregates.

Figure 9. Measuring longitudinal deformation using 
extensometer.

Table 3. Experimental results on fresh concrete.

Size 
mm

Slump test 
mm

Flow test 
%

(E) ρav 
g/cm3

1–19 180 37.5 2.65
1–25 225 70.0 2.69
8–37.5 220 92.5 2.70
1–62.5 245 145 3.01

Table 4. Mechanical results on hard concrete.

Size 
mm

ρav 
g/cm3

ε 
mm/mm

σcyli. 
MPa

E 
GPa

σcubic 
MPa

1–19 2.32 0.0338 27.71 8.10 35.06
1–25 2.42 0.0029 26.97 9.65 34.11
8–37.5 2.35 0.0031 25.49 8.40 34.18
1–62.5 2.36 0.0017 21.67 14.5 26.11

Table 5. Strength and elastic module values.

Size 
mm

Fc 
MPa

Vm 
km/s

Rc 
MPa

Eb
kN/mm2

1–19 – 3.9 29.5 31582
1–25 – 4.6 72.5 46403
8–37.5 1.98 4.2 39.5 37388
1–62.5 – 4.7 90.0 47613

* (–): non measured.
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of  concrete, according to the relationship used to 
be very high in addition to the model of  Young. 
These values are considered estimates, consider-
ing that this concrete resistance to compression 
to exceed 30 MPa. The maximum strength meas-
ured of  indirect tension test (Fc) only for one 
specimen size 8/37.5mm is in order of  1.98 MPa, 
see table 5.

Sclerometer test results appeared that mean val-
ues of cylindrical samples 26.5 MPa of aggregate 
size 8/37.5 mm with angle 0°. And for cubic sam-
ples is between 25MPa and 27MPa with angle (0°, 
−90°).

We are interested in the surface of aggregates 
after compression test. Figure 10 shows the surface 
after the age of 28 days grain sample removed from 
the concrete mix, and it shows also the cracks on 
the surface of the granule with deformation after 
the pressure test.

In Figure (11a) no hydrate process as a result 
of their interaction on the surface of the cement, 
and figure (11b) shows the adhesion of the cement 
paste large construction appears on the surface of 
the granule rubble process.

3 INFLUENCE OF SUPERPLASTIZIER

3.1 Dynamon HAA

Is a liquid admixture based on highly effective 
harding accelerators, free of chlorides. Dynamon 
HAA can be used as following:

• used to get particularly for very high mechani-
cal resistance early on, even when used under 
low temperatures. It accelerates the develop-
ment of mechanical strength in self-compacting 
concrete, in this case the product must be used 
in conjunction with superplasticizer from the 
dynamo range.

• It may also be used to speed the removal of form 
work and to reduce the movement times during 
the production of vibro_compressed concrete.

The dosage used is 1.25% by weight of cement 
(W/C = 0.54) and 1L/100 kg by weight of cement 
(W/C = 0.47). In this case one size of aggregates 
has been used (1/19mm).

3.2 Adicrete  BVF

It is a high range water reducing and superplas-
ticizer concrete admixture, an admixture for con-
crete, brown liquid solution, ready to use directly 
with concrete soluble in water and based on selec-
tive polymers. It is used to produce high early 
strength in prestressed concrete, precast concrete, 
bridges and cantilever structures. The dosage 
used is 4%, 5% and 6% by weight of cement with 
W/C = 0.47. One size of aggregates has been used 
(1/19 mm). Mix proportions as description in 2.2 
just we mixed the admixture with the water and 
add to dry compound material. Total mix time was 
5 min. Specimens have removed from the mold 
after 24h and they were immersed under the water 
of 20°C. The time curing is 28 days. In this case, 
cubic and cylindrical samples are prepared.

3.3 Test methods

All mechanical tests presented in the section 2.4 on 
fresh and hard concrete were applied on the con-
crete with different percent of admixture.

3.4 Results

Table 6 showed the mechanical results obtained 
from flow test, slump test on fresh concrete and 
apparent volume density on hard concrete. It can 
be noted that Dynamon HAA reduces stretching 
or flow in the concrete from which reduces the 
workability. Adricete BVF gives high values of 
flow test and 4% BVF give low values of slump 
test when 5% and 6% provided high values.

Figure 12 shows the comparison between com-
pression strength without addition of an admixture 
and with HAA and BVF. Compression strength 

Figure 10. Cracking on the surface of grain, size is 1/19 
mm.

Figure 11. (a): The heterogeneity of the surface, (b): A 
large incision at the surface of grain, size is 8/37.5 mm.
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increases with decreasing size of  aggregates and 
without using an admixture. For the same size 
(1/19 mm), we note that approached behavior 
with or without introducing an admixture. Con-
sequence, introduce Dynamon HAA and Adicrete 
BVF does not carry great influence on mechanical 
strength.

4 CONCLUSION

From the analysis of results obtained and the 
discussion above, compression strength varies 
inversely with the sizes of aggregates. Compared 
to the case without admixture, we note that the 
addition of an admixture leads to diminish the 
flow values; the workability remains important 
with increasing the percent of admixture except 
with 6% due to wettability phenomena. Apparent 
volume density diminishes compared to without 
admixture due to the homogeneous in compound 
of concrete. It’s important to remark the effect of 
HAA and BVF on ρav at state hard concrete.
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Figure 12. Influence introduce the admixture on com-
pression stress at 28 days.

Table 6. Influence of introduction of HAA and BVF 
mixed on fresh and hard concrete.

Mixed
Percent
%

E
%

Slump test
mm

ρav
g/cm3

HAA 1.25 37.5 70 -
1L/100kg 22.5 200 2.37

BVF 4 17.5 35 2.37
5 70.0 235 2.39
6 27.5 70 2.33

* (–): non measured.

ICCRRR15_Fullpaper_Book.indb   1000ICCRRR15_Fullpaper_Book.indb   1000 8/27/2015   9:23:51 AM8/27/2015   9:23:51 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-138&iName=master.img-011.jpg&w=189&h=110


1001

Concrete Repair, Rehabilitation and Retrofi tting IV – Dehn et al. (Eds)
© 2016 Taylor & Francis Group, London, ISBN 978-1-138-02843-2
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ABSTRACT: Cracks are inherent in reinforced concrete structures. The origin of cracks can be mani-
fold. At early stages they can be caused by plastic settlement, shrinkage, drying shrinkage, etc. Typically, 
the most severe forms of cracking in reinforced concrete structures are those caused by the corrosion of 
the reinforcing bars. Corrosion products are expansive in nature and tend to generate tensile stresses in 
the concrete surrounding the corroding bars. As soon as these stresses exceed the tensile capacity of the 
concrete, cracks around and along the reinforcing bars are formed.

In assessing existing structures engineers often notice severe cracking due to corrosion or longitudinal 
cracks due to plastic shrinkage e.g. in the anchorage zones. The section loss of these bars can easily be 
taken into consideration when performing load bearing capacity checks, but questions arise with respect 
to the remaining bond capacity of the rebars in the cracked concrete.

This study aims to quantify the influence of different parameters on the bond strength of reinforcing 
bars in cracked concrete. Rather than performing accelerated corrosion tests, it focuses on the effect of 
cracking itself (in absence of corrosion products) so the results can be used for non-corrosion related cases 
as well. Parameters under investigation include the confinement, concrete cover, crack direction and crack 
extension. Results show that single cracks as narrow as 0.03 mm can have a significant influence on the 
obtained bond strengths.

The last two phenomena have a direct influence 
on the bond of the reinforcing bar. On one hand, 
a weak interface layer of brittle corrosion products 
surrounding the reinforcing bar increases the relative 
displacement of the bar with respect to the concrete 
at certain load levels. On the other hand corrosion 
products are expansive in nature and tend to gener-
ate tensile stresses in the surrounding concrete. At 
low levels this expansion may be advantageous but 
once these stresses exceed the tensile capacity of the 
concrete, cracks around and along the reinforcing 
bars develop (Task Group Bond Models 2000). The 
reduction in confinement due to these cracks then 
leads to a progressive reduction in the bond strength. 
Hence, understanding of the link between corrosion 
rates, the induced cracking (and crack widths) and 
the reduction in bond capacity is essential.

To investigate crack formation due to corro-
sion, researchers (Rodriguez et al. 1994; Andrade 
et al. 1993; Al-Sulaimani et al. 1990; Clark & Sai-
fullah 1994; Almusallam et al. 1996; Clark & Sai-
fullah 1993; Alonso et al. 1998) have undertaken 
accelerated corrosion tests on reinforced concrete 
specimens where impressed currents of 0.003 to 10 
mA/cm2 were applied. Table 1 summarizes results 
found in literature on the corrosion levels to cause 
cracking of the concrete cover. The corrosion levels 
are expressed as a percentage of bar cross-sectional 
area loss (section loss expressed as a uniform metal 

1 INTRODUCTION

Concrete is an inhomogeneous material with a 
relatively low tensile strength. Therefore it is often 
used in combination with steel reinforcement so 
that the steel can resist tensile stresses after crack-
ing. The load bearing capacity of reinforced con-
crete structures depend highly on the interaction 
between reinforcing bars and the surrounding con-
crete (Task Group Bond Models 2000). Over time 
the bond can degrade due to deterioration of the 
reinforcement.

Cracks are inherent in reinforced concrete struc-
tures and are caused by a number of different types 
of actions (BRE Centre for Concrete Construction 
2000). One of the most severe forms of cracking in 
reinforced concrete is the result of the corrosion of 
the reinforcing bars. Due to carbonation and chlo-
ride ingress a favourable environment is created 
for corrosion to initiate and corrosion products to 
be formed (BRE Centre for Concrete Construc-
tion 2000). Fib bulletin No. 10 (Task Group Bond 
Models 2000) categorises the effects of corrosion 
into 3 potential consequences:

• loss of reinforcing bar section
• creation of a weak interfacial layer at the rein-

forcing bar/concrete interface
• volumetric expansion of the reinforcing bar
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loss around the circumference of the reinforcing 
bar) and corrosion penetration depth × radially 
into the bar. Although there is some scatter on the 
obtained values, all studies agree that a relatively 
low corrosion penetration depth, ranging from 
0.008 to 0.130 mm, causes cracking.

Rodriguez et al. (Rodriguez et al. 1994) found 
that cracks were initiated for corrosion levels 
associated with bar radius reductions as low as 
0.015 mm to 0.040 mm.

One issue with accelerated corrosion bond tests 
is that they study the combined effect of crack-
ing and the formation of a soft layer of corrosion 
products around the reinforcement. While these 
effects co-exist in practice, it leads to difficulties 
in analysing the processes at a fundamental level. 
Furthermore the results cannot be applied to situ-
ations in which cracks are present in the absence 
of corrosion (e.g. plastic shrinkage cracks in con-
gested reinforcement lay-outs).

Therefore this study aims to quantify the bond 
strength of reinforcing bars in cracked concrete. 
Rather than performing accelerated corrosion tests, 
it focuses on the more fundamental effect of the 
cracking itself (in absence of corrosion products). To 
achieve this aim, a novel test method is developed.

2 CRACK GENERATION

When assessing existing structures, engineers often 
observe severe cracking due to corrosion. Some 
common corrosion induced crack patterns are 
shown in Figure 1.

As discussed, most studies on the bond properties 
of cracked concrete specimens have used accelerated 
corrosion techniques. However, these techniques 
have the tendency to lead to less controllable crack 
patterns and a wide range of obtained crack widths.

In this study the principles of a controlled split 
tensile test is applied to pre-crack specimens. In 
this way rough crack surfaces are then formed 
along a predefined cracking plane running through 

the axis of the reinforcing bar. To avoid brittle fail-
ure and provide some post-cracking confinement, 
the specimen can be cast within a plastic ring. This 
ring can remain in place during both the pre-crack-
ing and pull-out phases. With this technique, sin-
gle or double cracks can be generated to represent 
observed crack patterns in existing structures.

Of particular interest are the bond reductions 
during the early stages of corrosion and thus 
the onset of cracking. The splitting tests seek to 
achieve 0.03 to 0.04 mm crack widths. These crack 
widths are relatively small compared to the allow-
able crack widths of 0.20 to 0.30 mm according 
to reinforced concrete design guidance (European 
Committee for Standardization 2004).

3 EXPERIMENTAL PROGRAM

3.1 Experimental specimens and overview of test 
method

In order to represent common crack patterns (as 
illustrated in Figure 1) and determine the bond 

Table 1. Overview of reported corrosion levels to cause concrete cover cracking.

Study
φ 
[mm]

Cover ratio 
[−]

Section loss 
[%]

Corrosion 
Penetration × [mm]

(Al-Sulaimani et al. 1990) 10 7.50 5.00 0.130
14 5.36 3.00 0.110
20 3.75 2.00 0.100

(Clark & Saifullah 1993) 8 0.50–2.00 0.40–1.30 0.008–0.026
(Andrade et al. 1993) 16 1.25–1.88 0.40–0.50 0.015–0.020
(Rodriguez et al. 1994) 16 2.00–4.00 0.40–1.00 0.015–0.040
(Clark & Saifullah 1994) 8 1.00 0.30–0.55 0.006–0.011
(Almusallam et al. 1996) 12 5.00 4.00 0.120
(Alonso et al. 1998) 8–16 1.25–7.00 0.19–1.30 0.015–0.065

Figure 1. Possible cracks patterns in reinforced con-
crete due to corrosion.
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strength of reinforcing bars in cracked, the test 
method includes one or two pre-cracking phases 
followed by standard bond strength “pull-out 
tests” (RILEM TC 1970).

In the pre-cracking phase(s) the specimens are 
subjected to a split cylinder test. Two line loads 
are applied on the specimen on opposite sides and 
along the axis of the concrete cylinder until first 
cracking of the concrete, at which point the speci-
men is unloaded. For double cracked specimens, 
the specimen is rotated 90 degrees after the first 
pre-cracking experiment and the same procedure is 
repeated to induce the second crack. Pull-out tests 
are then conducted on the cracked specimens to 
determine the influence of the cracks on the bond 
behaviour.

Cylindrical specimens with a diameter of either 
107 mm or 60 mm, and a height of 100 mm are 
used. A reinforcing bar with a diameter of 10 mm 
is centrally placed in the specimen, resulting in a 
cover-to-diameter ratio of 4.8 or 2.5. The speci-
mens are cast with a bond length of 5 times the 
bar diameter. The bond length itself  is reduced by 
providing a sleeve over the bar in the lower 50 mm 
(Figure 2). The specimens are cast in a plastic 
cylindrical mould which was used as confinement 
for the specimen during the pre-cracking phases 
and in many cases also remained in place for the 
pull-out tests.

3.2 Main parameters

Based on the afore mentioned studies, the follow-
ing parameters were selected for investigation: 
single or double cracking (number of cracks), the 
crack orientation relative to the reinforcing bar rib 
pattern, the confinement and the concrete cover.

As reinforced concrete structures are currently 
primarily constructed with ribbed reinforcing bars, 
the crack itself  can cross the rib pattern of the bar 
at different angles. Cracks running along to the 
longitudinal ribs, leaving the concrete around the 

transverse rib intact, might have a less detrimental 
impact on the bond compared to cracks that hit 
the transverse ribs. Whether this crack angle influ-
ences the bond behaviour is currently unknown.

Crack widths are often governed by the amount 
of transverse reinforcement. For longitudinal 
cracks running along the longitudinal reinforcing 
bars, the transverse reinforcement is providing 
a form of confinement transferring forces from 
one crack face to another and reducing the crack 
width. As more confinement is provided, the hoop 
stresses induced during pull-out of a longitudinal 
reinforcing bar might be counteracted and in this 
way provide sufficient resistance for the anchorage 
force to build up (Tepfers 1976).

In cases where the confinement is limited these 
hoop stresses might induce higher stresses in the 
transverse reinforcement, leading to cracks open-
ing up and decreases in the bond properties.

Similar to the confinement provided by trans-
verse reinforcement, the concrete cover can also 
provide confinement. Increasing the concrete 
cover leads to a bigger influence zone around the 
reinforcing bar that might resist the hoop stresses 
being built up and thereby increase the bond 
strength of the bar.

3.3 Test series

A total of 4 series of experiments are undertaken. 
Each series consists of 4 sets of 5 identical speci-
mens. The entire test matrix, for the total of 80 
tests carried out, is shown in Table 2.

In Series 1 the angle of a single crack with respect 
to the rib pattern of the bar is varied. Different 
angles are achieved through different orientations 
of the specimens relative to the applied split ten-
sile load. In addition to a reference uncracked set, 
a single cracked set with crack angle of 0 degrees, 
45 degrees and 90 degrees is tested. The crack angle 
itself  is measured with respect to the plane running 
through the bar axis and the longitudinal ribs.

Series 2 focusses on double cracked specimens 
where the crack orientation relative to a reference 

Figure 2. Specimen geometry.

Figure 3. Applied crack orientations with respect to the 
reinforcing bars rib pattern.
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plane through the bar axis and longitudinal ribs 
varies. A reference set, a set with cracks orientated 
at 0 degrees and 90 degrees relative to reference 
plane, and a set with −45 degrees combined with 45 
degrees cracks are tested. As the cracks are formed 
by applying a splitting test, the crack faces of the 
first crack are compressed during the second split-
ting phase. To investigate the potential influence of 
this sequence, a fourth set of specimens where the 
cracks at 90 degrees are formed first followed by 
cracking along the 0 degrees axis has been tested.

Series 3 consisted of specimens where the plastic 
tube confinement was removed after the cracking 
phase

In the last series, Series 4, the concrete cover 
was reduced by casting the specimens in a cylin-
drical tube with an inner diameter of only 60 mm, 
reducing the original cover by 23 mm and resulting 
in a cover-to-diameter ratio of 2.5. An uncracked 
reference set, a set of specimens with single crack 
(crack angle 0 degrees) and a set of double cracked 
specimens (0 degrees combined with 90 degrees) 
are tested. The final set consisted of specimens of 
diameter 60 mm single cracked at 0 degrees after 
which the plastic confinement was removed. The 
specimen was then placed in the centre of a 107 
mm diameter plastic tube and concrete was cast in 
the annulus between the specimen and the tube. As 
a result a 23 mm thick concrete ring was formed 
around the cracked specimen. This scenario simu-
lates a situation in which the crack starts to grow 
around the rebar but does not yet extend to the 
outer surface.

3.4 Materials

A concrete with a 28-day cube compressive strength 
of about 30 MPa is selected for the tests. The water-
to-cement ratio of the mixture is 0.6 and the sand-
to-aggregate ratio is 0.45. The concrete is made 
with an early-strength Portland cement with lime-
stone, type CEM II/A LL 32.5 R (European Com-
mittee for Standardization 2011). The aggregates 
are a natural sand with a maximum grain size of 
4 mm and specific gravity of 2.65 and a gravel with 
maximum grain size of 10 mm with specific gravity 
of 2.65. The compressive and tensile strengths of 
the concrete are determined at 21 days (time of pre-
cracking) and 28 days (time of bond tests). For the 
determination of the compressive strength, cubes 
with sides of 100 mm (fc,cub) and cylinders with a 
height of 200 mm and a diameter of 100 mm (fc) 
are used. The splitting tensile strength fct,sp is meas-
ured from cylinders with a diameter of 100 mm 
and a height of 200 mm. The mean results for the 
four series are summarized in Table 3.

Table 3. Concrete properties.

Series

fc,cub [MPa] fc [MPa] fct,sp [MPa]

21d 28d 21d 28d 21d

1 29.5 31.3 22.8 23.3 2.4
2 29.0 30.5 20.0 20.0 2.6
3 25.3 27.6 20.2 22.5 2.5
4 28.4 29.0 23.4 23.8 2.7

Table 2. Overview of parameter combinations for the tested specimen series.

Confinement Diameter [mm] Single crack angle Double crack angle

Series Set No Yes 60 107 0 45 90 0&90 −45&45 90&0

1 A X X
B X X X
C X X X
D X X X

2 A X X
B X X X
C X X X
D X X X

3 A X X
B X X X
C X X X
D X X X

4 A X X
B X* X* X* X
C X X X
D X X X

* Pre-cracked specimen of 60 mm cast in a 107 mm specimen.
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The steel bar diameter is fixed for the test pro-
gram at 10 mm. The yield stress fy and tensile 
strength fu of the high-strength hot-rolled rein-
forcing bars, are measured in the laboratory as 
520 MPa and 606 MPa respectively.

The confinement consisted of a plastic tube with 
an outer diameter of 113 mm with a wall thickness 
of 3.2 mm or a tube with a diameter of 64 mm and 
a wall thickness of 2.1 mm. Both tube diameters 
showed a similar behaviour under tensile loads.

3.5 Test procedure and instrumentation

At an age of 21 days the specimens are subjected 
to a split cylinder test. During the splitting test, the 
applied force as well as the strain on the surface 
of the plastic tube is recorded. The tube confining 
strain is measured with strain gauges on opposite 
sides of the specimens at mid-height.

The obtained crack width is measured using a 
crack microscope with an accuracy of 0.01mm at 
both sides of the reinforcement bar at a distance 
of 30 mm from the rebar in case of 107 mm speci-
mens and at 20 mm for specimens with a diameter 
of 60 mm.

The pull-out tests are performed at 28 days in a 
150kN closed loop tensile load frame. During the 

pull-out tests, the specimens are loaded at a con-
stant displacement rate of 0.04 mm/s until a total 
relative displacement between the tested reinforc-
ing bar and the surrounding concrete of at least 
12.5 mm is reached.

The slip of the bar, at the passive as well as the 
active side, is recorded using 2 sets of 2 linear varia-
ble differential transducers (LVDT). These LVDT’s 
are secured to the bar by means of a steel collar 
mounted to the reinforcing bar (Figure 4).

After unloading of the specimens the crack 
widths are measured again.

4 RESULTS AND DISCUSSION

4.1 Pre-cracking of the specimens

For the pre-cracking stage, the measured applied 
forces at first cracking induce splitting stresses of 
around 2.3 MPa (DEV = 0.2 MPa).

Figure 5 shows one of the measured splitting 
stress—confinement strain responses for a Series 
1 – set B, C and D specimen (single crack oriented 
at either 0, 45 or 90 degrees relative to the longitu-
dinal rib). The response of the other specimens was 
comparable. The final strain in the confinement 
after cracking is in the 0.04% to 0.06% range which 
corresponds to confinement stresses of 1.8 MPa to 
2.3 MPa in the plastic confinement ring.

The crack widths w after splitting for the pre-
cracked specimens are shown in Figure 6 for the 
different series and sets. The obtained values are 
around 0.03 mm but there is significant scatter. For 
the double cracked specimens (Series 2) the average 
of the two (phase 1 and phase 2) obtained crack 
widths is plotted. All crack patterns obtained for 
specimens within the same parameter combination 
were comparable. No anomalies were detected.

Figure 4. Instrumentation and test set-up for the pull-
out experiments.

Figure 5. Confinement strains during pre-cracking tests 
for single cracked specimens.
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5 BOND STRENGTH

From the pull-out experimental results, values of 
the bond stress can be derived. Assuming a uniform 
stress distribution along the short bond length, the 
force Fs in the reinforcing bar is transferred to the 
concrete over the embedment length ld resulting in 
mean bond stresses τd of:

τ
π φ

σ
dτ s

d

sFs

l kπ φd

=
π

=
 

(1)

where ld can be defined as a parameter k multiplied 
by the bar diameter φ (k.φ) and σs the tensile stress 
in the reinforcing bar.

Two values are of particular interest: the ulti-
mate bond strength τR and the so-called character-
istic bond strength τM. The ultimate bond strength 
is defined as the bond stress corresponding to the 
ultimate load recorded during testing. The charac-
teristic bond strength τM is calculated as the mean 
value of the bond stresses corresponding to a slip 
of 0.01 mm, 0.10 mm and 1.00 mm.

The slip at the ultimate bond strength su is of 
interest with respect to the ductility of the bond 
failure.

The highest ultimate bond strengths are recorded 
for the reference uncracked specimens, as was to be 
expected. The three sets of 107 mm diameter refer-
ence specimens (c/d = 4.8) all gave ultimate bond 
strengths of about 19.2 MPa (DEV = 1.4 MPa). 
The bond strength of the bars tested with a smaller 
cover (c/d = 2.5 for the 60 mm diameter specimens), 
turned out to be 14.3 MPa (DEV = 0.8 MPa) as the 
dominant failure method in this case was splitting 
failure (due to the limited reinforcement cover). 
The ultimate bond strengths of the pre-cracked 
specimens were all lower than the equivalent ref-
erence specimens. The same observations can be 
made for the characteristic bond strength.

In the analysis hereafter the results of the bond 
stresses and strengths will be expressed in terms 
of a bond reduction factor. This factor is defined 
as the ratio of the actual strength of a specific 
set to the mean bond strength of the equivalent 
uncracked reference specimens in that series. In 
this way direct comparisons of the test results 
within and between series can be made.Figure 6. Crack widths w after pre-cracking phase.

Table 4. Experimental results of pull-out test.
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5.1 Crack orientation

The influence of the crack orientation in single 
cracked specimens was investigated in Series 1. 
Three different crack angles were considered, 0, 
45 and 90 degrees, with respect to the longitudi-
nal ribs. The results clearly show that the obtained 
bond strengths are all lower than the reference 
bond strength. A t-test with a significance level of 
95% confirmed this difference to be significant. 
The differences between the studied crack angles 
is small and statistically insignificant. Therefore it 
can be concluded that the orientation of the crack 
relative to the longitudinal rib has little to no effect 
on the bond strength. The presence of a single 
crack however results in a significant reduction in 
the ultimate bond strength of 44% for the tested 
specimens.

5.2  Multiple cracks

As was the case for the single cracked specimen, the 
orientation relative to the longitudinal rib is insig-
nificant, as the 0–90 degree and -45–45 degree dou-
ble cracked specimens gave similar results. In both 
series the cracks led to ultimate bond strengths that 
are 54% lower than the uncracked specimens.

The similarity of the set 2-B and 2-D results 
(double crack with angles 0 and 90 degrees, and 
90 and 0 degrees resp.) suggests that the order in 
which the cracks were formed also had little effect 
on the bond performance, as was to be expected 
from the results of the crack orientation tests. In 
comparison to the single cracked specimens, the 
double cracks tend to provide an additional reduc-
tion in bond strength of about 10%.

5.3 Confinement

The cracked specimens tested without confinement 
all tended to fail due to splitting of the specimen 
rather than a pure pull-out failure as was the case 
for the other sets. As the ultimate bond strength is 
reached, the crack width increases drastically lead-
ing to a relatively brittle failure of the bond and 
hence a sudden decrease in the bond stresses with 
increasing slips. The larger ultimate crack widths 
wu associated with this behaviour are evident from 
the results.

The unconfined reference specimens provided 
similar bond strengths to equivalent confined 
specimens. As the bond failure for both sets was 
a pure pull-out failure this was to be expected. No 
cracks were observed on the outer surface of the 
concrete.

The beneficial effect of the confinement has 
been reported in earlier studies by (Gambarova 
et al. 1989) and is confirmed in this experimental 

program. The absence of any external confinement 
further reduces the bond capacity of the 10 mm 
reinforcing bars. For single cracked specimens, an 
additional reduction of 11% is measured whereas 
for the double cracked specimens this reduction is 
20%.

5.4 Concrete cover

As the concrete cover is reduced in Series 4 to a 
cover-to-diameter ratio of 2.5, the failure mode 
of the reference specimens shifts from a pull-out 
failure to a splitting failure, hence a reduction in 
the ultimate bond strength from 19.2 to 14.2 MPa. 
The single cracked and double cracked specimens 
show a reduction relative to the reference of 25 and 
41% respectively, which is slightly less than for the 
counterparts with a 4.8 cover-to-diameter ratio. 
This difference can be attributed to the changed 
failure mode.

For the specimens which originally have a cover-
to-diameter ratio of 2.5 on pre-cracking, but are 
recast to give a cover-to-diameter ratio of 4.8, an 
increase in bond strength is measured. Compared 
to the original uncracked specimens, the increase is 
21%. The concrete ring with a thickness of 23 mm 
is sufficient to carry the hoop stresses built up dur-
ing the pull-out test and hence prevent a splitting 
failure. Failure in these specimens occurs due to 
pull-out. The cracks in the inner cylinder do not 
extend to the surface of the uncracked concrete. 
Comparing these specimens to the original speci-
mens with a cover-to-diameter ratio of 4.8, shows 
that the re-cast specimens are stronger than the sin-
gle cracked specimens. This suggests that the bond 
strength is less affected by partial cracking than in 
the case where the cracks extend to the other sur-
face of the concrete. However, the bond strength is 
lower than measured for uncracked specimens.

6 CONCLUSION

Reinforcement corrosion can result in a severe 
form of concrete cracking. As cracks due to cor-
rosion run along the concrete—rebar interface, the 
force transfer between the two materials, and more 
specifically the bond behaviour, is influenced.

To study the effect of the crack angle (relative 
to a plane running through the axis of the bar and 
the longitudinal ribs), extent of cracking, confine-
ment and cover depth on the bond properties of 
reinforcing bars embedded in concrete, an experi-
mental test program was conducted. Cylindri-
cal specimens were pre-cracked by applying split 
tensile forces. Pull-out tests were then carried out 
on the cracked specimens to determine the bond 
properties.
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The presence of cracks, even with minor crack 
widths of 0.03 to 0.04 mm, result in a significant 
reduction of the bond strength. For specimen 
with a single crack the reduction was on average 
44% and for double cracked specimens the reduc-
tion was 54%. The measured values for single and 
double cracked specimens are within the relatively 
wide range of values reported by other researchers 
in the past.

The crack orientation with respect to the rib pat-
tern of the reinforcing bars has little or no effect on 
the obtained bond properties. Three different crack 
orientations were tested and the results showed 
similar ultimate bond strengths.

For double cracked specimens the order in 
which the cracks are formed (linked to the test 
method) has no significant influence on the bond 
behaviour.

Confinement influences the ultimate bond 
strength of a pre-cracked specimen. In the absence 
of a restraining force, existing cracks can open up 
fully enabling the reinforcing bar to more easily 
slip out of the specimens. The reduction of bond 
capacity between confined and unconfined speci-
mens was an additional 11% for a given parameter 
combination.

When the concrete cover is reduced, the residual 
bond strength after cracking is reduced as well. For 
smaller covers the failure mode of the uncracked 
concrete is shifted from a pull-out failure to a split-
ting failure.

The bond strength of reinforcing bars in cracked 
cylinders embedded in an uncracked concrete ring 
of 23 mm is 18% lower than the original uncracked 
specimens with the same total concrete cover.

The obtained test results indicate that the presence 
of longitudinal cracks can significantly influence the 
bond behaviour of ribbed reinforcing bars in con-
crete. This suggests that bond reduction factors are 
necessary for cracks that run along the reinforcement 
bars when undertaking load bearing capacity checks 
of existing reinforced concrete structures.
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ABSTRACT: Understanding the behavior of concrete in fatigue is essential for understanding the 
behavior of concrete bridges subjected to repeated loads. The Dutch National Annex to the Eurocode 
prescribes a different expression for the Wöhler curve for compression fatigue than the Eurocode itself, 
and does not have a smooth transition for 106 load cycles. A new expression for concrete in compression 
fatigue is thus necessary. This new expression should be valid, yet not overly conservative, for high strength 
concrete. Therefore, a database of experiments on (ultra) high strength concrete tested in compressive 
fatigue is used to validate the new proposal. A proposal for the assessment of the fatigue strength of 
existing structures is prepared. For design, a simplified method is proposed. An expression for the fatigue 
strength of concrete under compression, suitable for high strength concrete, is now available, which can 
replace the previous fatigue expressions used in The Netherlands.

The expression for concrete under compres-
sion subjected to cycles of loading from NEN-EN 
1992-2+C1:2011 (CEN, 2011a) is more conserva-
tive than previously used expressions in the Neth-
erlands. Therefore, different expressions are given 
in the National Annex NEN-EN 1992-2+C1:2011/
NB:2011 (Code Committee 351 001, 2011a). The 
S-N relationship given in the Dutch National 
Annex consists of two equations: the first branch 
is valid for N ≤ 106 cycles and the second branch 
for N > 106 cycles. The transition between these 
two expressions is not smooth, but instead causes 
a jump in the Wöhler-curve. Because of this anom-
aly in the current code provisions, it is necessary to 
propose a new expression for concrete under cycles 
of compressive loading. Moreover, the proposed 
expression should be valid, yet not overly conserv-
ative, for high strength concrete.

2 LITERATURE SURVEY

2.1 Parameters affecting the fatigue strength

The fatigue strength depends on the maximum 
as well as on the minimum stress in the cycle. An 
increase of the minimum stress level Smin typically 
results in an increased fatigue strength for a given 

1 INTRODUCTION

Fatigue is of importance for structures subjected 
to repetitive loading, such as bridges (fib, 2012). 
Fatigue cracking in concrete is not as easy and 
straightforward to determine as fatigue cracks in, 
for example, steel. As such, it is difficult to identify 
fatigue distress in concrete structures (CEB Com-
mittee GTG 15, 1988).

The compressive strength of concrete decreases 
as an element is subjected to cycles of loading. In 
a typical fatigue test for concrete in compression, a 
concrete specimen (typically a cylinder) is loaded 
between a lower and upper stress limit. These lim-
its are expressed as a fraction of the concrete com-
pressive strength, and can be written as Sminfck and 
Smaxfck. The values of Smin and Smax are thus between 
0 and 1. The upper limit for Smax in experiments is 
typically 0.95 and Smin can be as low as 0.02.

The result of  fatigue tests on concrete cylin-
ders in compression is the so-called Wöhler-curve, 
or S-N curve. In this graph, a (linear) relation is 
found between the logarithm of  the number of 
cycles N and the maximum fraction of  the static 
compressive strength Smax. From experiments, it is 
known that the S-N curve for concrete is approxi-
mately linear starting at 100 cycles (Kim and 
Kim, 1996).
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number of cycles (CEB Committee GTG 15, 1988). 
Sometimes the stress ratio R = Smin/Smax is used.

The scatter on the number of cycles to failure for 
a given stress level can be explained by the scatter 
on the static compressive strength (Holmen, 1982). 
This scatter is nonetheless significant, and there-
fore it is necessary to test a number of specimens 
at each of different levels of Smax to determine the 
S-N curve. The static strength is usually deter-
mined from tests in which the rate of load applica-
tion may be several orders of magnitude less than 
the rate of loading in the fatigue test (CEB Com-
mittee GTG 15, 1988).

Variables such as water-cement ratio, cement 
content, amount of entrained air, curing condi-
tions and age at loading do not seem to influence 
the fatigue strength when expressed as Smax and 
Smin. These conclusions were based on extensive 
experimental research for concrete compressive 
strengths up to 60 MPa (CEB Committee GTG 
15, 1988).

Most fatigue experiments are tested by alter-
nating stresses continuously until failure. Some 
research studied the effect of rest periods. The 
results of this research, in which repeated rest peri-
ods up to 5 minutes after each set of 4500 cycles are 
used, indicate that rest periods increase the fatigue 
strength, and that some recovery occurs during the 
rest periods. In practice, concrete elements are sub-
jected to cycles of loading of random and varying 
amplitudes. Typically, the Palmgren-Miner hypoth-
esis, which states that damage accumulates linearly 
with the number of cycles applied at a certain level, 
is used (CEB Committee GTG 15, 1988).

A last parameter that has an influence on the 
fatigue life is the frequency of loading in experi-
ments. A common conclusion is that a frequency 
between 1 and 15 Hz has little effect on the fatigue 
strength, provided that the maximum stress level 
is less than about 75% of the static strength. At 
higher stress levels the fatigue strength decreases 
with decreasing frequency (CEB Committee GTG 
15, 1988). It was also found that compressive fatigue 
tests on concrete prisms varying the loading rate 
from 0.5 to 50 MPa/s resulted in a tenfold increase 
in the mean fatigue life expressed as cycles for Smax 
> 0.75. This suggests that accelerated fatigue tests 
on concrete structures may give an overestimate of 
their true fatigue life under loading rates that occur 
in service (CEB Committee GTG 15, 1988).

2.2 Fatigue life of high strength concrete

Currently, there seems to be a disagreement in the 
literature on whether or not the fatigue strength 
of concrete under compression decreases as the 
compressive strength of the concrete increases, or, 
in other words, if  the S-N curve should be steeper 

and reducing more quickly for higher strength 
concrete.

Experiments done in Norway (Petkovic et al., 
1990) led to the conclusion that no difference in the 
fatigue behavior between normal and high strength 
concrete could be observed. Other research (Hord-
ijk et al., 1995) led to similar conclusions. In these 
experiments, the difference between gravel and 
limestone aggregates was studied. Failure of the 
specimens occurred in an explosive way.

An overview of previous research (Kim and 
Kim, 1996) mentions that high strength concrete 
was more brittle than normal strength concrete 
under fatigue loading. The test results show that 
the fatigue life decreased with increasing the con-
crete strength, and the authors proposed a model 
for the S-N relationship considering the effect of 
the concrete strength. The concrete compressive 
strength of the specimens varied between 26 MPa 
and 103 MPa; the maximum stress was applied 
from 75% to 95% of the static compressive strength 
as determined before the fatigue tests.

Experiments on UHPC (Ultra-High Perform-
ance Concrete) (Lohaus et al., 2011) showed that for 
all the investigated lower stresses Smin larger stress 
ranges could be attained than in similar experimen-
tal investigations on normal strength concrete spec-
imens that were used to develop the Model Code 
1990 (CEB-FIP, 1993). Heat treatment gave UHPC 
samples a better fatigue life (Lohaus and Anders, 
2006). The influence of the testing frequency is 
disputed: some authors argue that the number of 
cycles to failure increases when the frequency is 
increased for a constant stress-level (Hsu, 1981), 
while this effect was reversely observed for UHPC 
(Lohaus and Anders, 2006). It was found that fiber 
reinforcement does not affect the fatigue strength, 
and the authors mentioned that UHPC might be 
more sensible to fatigue loading compared to nor-
mal strength concrete (Lohaus and Anders, 2006).

Other research indicates that, for the larger 
upper stress limit Smax, the fatigue strength of 
higher strength concrete is smaller than of normal 
strength concrete. For Smax > 0.6; the S-N curve has 
a steeper tangent than normal strength concrete 
(Tue and Mucha, 2006). The researchers also found 
that the influence of Smax on the fatigue behavior is 
larger for high strength concrete than for normal 
strength concrete, which could be explained by the 
larger brittleness of high strength concrete.

After reviewing the currently existing literature, 
fib task group 8.2 concluded that HPC has a lower 
fatigue limit compared to normal strength concrete 
mainly due to a lower water-cement ratio, and it 
was mentioned that one has not yet succeeded in 
finding adequate design rules for the fatigue behav-
ior taking into consideration the special properties 
of HPC (fib Task Group 8.2, 2008).
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As can be seen from the previous paragraphs, 
there is no consensus on whether or not increas-
ing the concrete compressive strength reduces the 
fatigue life for compression. A brief  overview of 
the different sources and their stated influence of 
the concrete compressive strength on the fatigue 
life is given in Table 1. In Table 1, fc,mean,max is the 
maximum measured concrete compressive strength 
used in the series of experiments for which the cita-
tion is given in the first column of the table. The 
last column of Table 1 shows the final conclusions 
of the research: whether (“yes”) or not (‘no”) the 
experiments indicated that the fatigue life of high 
strength concrete is lower than the fatigue life of 
normal strength concrete under compression.

3 CURRENT CODE PROVISIONS

3.1 NEN 6723:2009

The fatigue reference strength f ′b,v in the Dutch 
national code NEN 6723:2009 (Code Committee 
351 001, 2009) is the following for concrete classes 
above C25/30:

′ =
′

f
f

b vff b rff ep v

m
,

, ,rep

γ  
(1)

′ ( )′ − ×f ′ = (bff p v (= (,,rep ( .× 0) + 85 30
 

(2)

where γm  = 1.2; f ′b,rep,k = the characteristic value 
of the uniaxial short term concrete compressive 
strength 0.85f ′ck, in [MPa] and f ′brep,v = the charac-
teristic value of the concrete compressive strength 
in the limit state of fatigue, in [MPa].

According to NEN 6723:2009 §9.6.2.1, the 
number of cycles to failure Ni for given compres-
sive stresses σ ′b,d,max and σ ′b,d,min can be determined 
as:
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where R = σ ′b,d,min/σ ′b,d,max  = Smin/Smax = the stress 
rate, with σ ′b,d,min = design value of the minimum 
compressive stress in the concrete, in [MPa] and 
σ ′b,d,max = the design value of the maximum com-
pressive stress in the concrete, in [MPa].

3.2 NEN-EN 1992-1-1+C2:2011

The design fatigue strength according to NEN-EN 
1992-1-1+C2:2011 (CEN, 2011b) §6.8.7 is pre-
scribed as:
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where βcc(t0)  = a coefficient for the concrete strength 
at first load application, as given in §3.1.2(6); 
t0 = the time of the start of the cyclic loading on 
concrete in days; s depends on the strength class of 
the cement, eg. for 42.5N, s = 0.25; and fcd = fck/ γc,fat 
with γc,fat  = 1.5 for fatigue as recommended in 
Table 2.1 from NEN-EN 1992-1-1:2005+C2:2011. 
The Dutch National Annex NEN-EN 1992-1-
1+C2:2011/NB:2011 (Code Committee 351 001, 
2011b) §2.4.2.4(1) prescribes γc,fat = 1.35.

The value for k1 can be found in the National 
Annex. The recommended value for N = 106 
cycles is k1 = 0.85, as given in NEN-EN 1992-1-
1+C2:2011/NB:2011 §6.8.7(1), and this recommen-
dation is followed in the Dutch National Annex 
NEN-EN 1992-1-1+C2:2011/NB:2011.

According to NEN-EN 1992-1-1+C2:2011 
§6.8.7(1), Eq. (6.72), a satisfactory fatigue resist-
ance may be assumed for concrete under compres-
sion, if  the following condition is fulfilled:

E RcdE ,mdd ax,equ eqR u ≤0 433 1 1,
 

(6)

for which Requ = Ecd,min,equ/Ecd,max,equ = the stress ratio; 
Ecd,max,equ = σcd,max,equ/fcd,fat = the maximum compres-
sive stress level; Ecd,min,equ = σcd,min,equ/fcd,fat = the mini-
mum compressive stress level; fcd,fat = the design 
fatigue strength; σcd,max,equ = the upper stress of the 
ultimate amplitude for N cycles and σcd,min,equ = the 

Table 1. Comparison between authors.

Source fc,mean,max (MPa) Influence fc?

Petkovic et al., 1990 95 MPa No
Kim & Kim, 1996 103 MPa Yes
Hordijk et al., 1995 78.2 MPa No
Lohaus et al., 2011
Lohaus & Anders, 2006

170 MPa*
145 MPa*

No
Yes

Tue & Mucha, 2006 65 MPa Yes

Note: * is used for samples with fiber reinforcement.

Table 2. Overview of statistical parameters of tested 
to predicted values, comparing the experiments from the 
database and the proposed methods.

Method γc,fat AVG STD COV Char 5%

design 1.5 1.27 0.139 10.9% 1.044 1.089
existing 1.5 1.15 0.112 9.7% 0.965 1.004
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lower stress of the ultimate amplitude for N 
cycles.

The number of cycles N can be found in the 
National Annex. The recommended value, also 
used in The Netherlands, is N = 106 cycles. In other 
words, NEN-EN 1992-1-1+C2:2011 uses a damage-
equivalent check for fatigue for one single number 
of cycles and does not describe a Wöhler diagram.

3.3 NEN-EN 1992-2+C1:2011

According to NEN-EN 1992-2+C1:2011 (CEN, 
2011a) §6.8.7 (101), the number of cycles to failure 
can be determined based on nationally prescribed 
S-N diagrams, or based on Eq. 6.72 of NEN-EN 
1992-2+C2:2011, here Eq. (6), in which the coeffi-
cient 0.43 is replaced by logNi/14 and the inequality 
in the expression is omitted. Sufficient resistance 
against fatigue for concrete under compression can 
then be assumed when (Eqs. 6.105–6.109):

n
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≤
=
∑ 1

1  
(7)

with m = the number of cycles of constant ampli-
tude; ni = the number of cycles with a constant 
amplitude at interval i and Ni = the number of 
cycles to failure with a constant amplitude at inter-
val i, for which:
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where Ri  = the stress ratio; Ecd,min,i = the minimum 
stress level; Ecd,max,i  = the maximum stress level and 
fcd,fat = the design value of the fatigue capacity of 
concrete according to Eq. (6.76) from NEN-EN 
1992-1-1+C2:2011, here given as Eq. (4).

The bridge code NEN-EN 1992-2+C1:2011 
thus requires a more elaborate study of fatigue 
and describes the Wöhler diagram, which the gen-
eral code NEN-EN 1991-2-2+C2:2011 does not 
consider.

3.4 NEN-EN 1992-2+C1:2011/NB:2011

In the Dutch National annex NEN-EN 1992-
2+C1:2011/NB:2011 (Code Committee 351 001, 
2011a), separate equations for the S-N curve 
are given. Sufficient capacity against fatigue is 
assumed when Palmgren-Miner’s rule (Eq. (7)) is 
fulfilled, with Ni:
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The value of k1 in Eq. (4) should be taken as 1 
according to the Dutch National Annex NEN-EN 
1992-2+C1:2011/NB:2011 §6.8.7(101), which devi-
ates from the recommended value of k1 = 0.85. The 
stress fcd is based on γc,fat = 1.35 instead of γc = 1.5. 
The compressive strength at 1 cycle is taken as 
0.9 fcd according to the Dutch National Annex. 
This value of fcd = fck/γc,fat instead of fcd = fck/γc, so 
that the value of the compressive strength at 1 
cycle equals the static compressive strength.

NEN-EN 1992-2+C1:2011/NB:2011 uses an 
expression that is different before and after 106 
cycles, and at 106 cycles, both expressions result 
in different values, so that a jump occurs in the 
Wöhler-diagram.

3.5 fib Model Code 2010

In the fib Model Code 2010 (fib, 2012), the fatigue 
reference compressive strength is calculated as (Eq. 
5.1-110 in §5.1.11.1.1):
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with fck  = the characteristic concrete compressive 
strength;
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from Eq. 5.1-51 describes the strength development 
with time, in which s depends on the strength class 
of the cement, eq. for 42.5N, s = 0.25 and t  = the 
concrete age in days, corrected for temperature:
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with Δti = number of days with temperature T; 
T(Δti) = temperature during time period Δti; 
βc,sus(t,t0) = 0.85 for fatigue.

The factor 400 in Eq. (15) is changed with respect 
to the Model Code 1990 (CEB-FIP, 1993) and the 
subsequently developed Eurocodes (see Eq. (4)), in 
which 250 was used for this factor. This change was 
necessary to accommodate compressive strengths 
larger than 125 MPa and corresponds better to 
experimental results on higher strength concrete 
specimens (Fehling et al., 2013).

The S-N relations are given as (Eq. 5.1-107 – 
5.1-109, for 0 ≤ Sc,min ≤ 0.8):
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If  logN1 ≤ 8, then logN = logN1 and if  logN1 > 8, 
then logN = logN2. If  Sc,min > 0.8 the S-N relations 
for Sc,min = 0.8 should be used. These expressions 
are valid for concrete stored in a constant environ-
ment of approximately 20oC, 65% RH. The S-N 
relationships were developed based on experi-
ments with ultra-high strength concrete (up to 
C200) and validated for high strength and normal 
strength concrete. The curves have been verified 
with experiments up to 107 load cycles to failure. 
For log N > 8 the curves asymptotically approach 
the minimum stress level of  the respective curve. 
For high strength concrete, Model Code 2010 
allows higher strengths for a given number of 
cycles than Model Code 1990. It can be noted that 
the reduction of the fatigue life for higher strength 
concrete classes is smaller than as recommended 
by the other codes. The fib Model Code 2010 is 
the most recent code, and is the first code to be 
based on experiments on high strength concrete 
specimens. As such, a more realistic impression of 
the influence on the concrete compressive strength 
on the reduction of the fatigue life can be expected 
from this code.

4 DATABASE OF TEST RESULTS

To develop a new proposal for the fatigue strength 
of concrete under compression, a database of 
fatigue tests is compiled, with an emphasis on 
recent test results on high strength concrete. The 
full database can be found in the background 
report of this research (Lantsoght, 2014). In total, 
429 experiments are in the database, of which 234 
experiments do not contain fibers in the concrete 
mix (maximum compressive strength of 145 MPa) 
and of which 195 experiments contain fibers and 
have a maximum compressive strength of 226 MPa. 
An additional 165 test results of normal strength 
concrete are used for verification purposes of the 
proposed formulas. The test results are taken from 
the literature (Petkovic et al., 1990, Fehling et al., 
2005, Kim and Kim, 1996, Hordijk, 1994, Hord-
ijk et al., 1995, Saucedo et al., 2013, Lohaus et al., 
2011, Lohaus and Anders, 2006, Tue and Mucha, 
2006, Wefer, 2010, CUR Committee C 33, 1993, 
Klausen, 1978). As the range of a low number of 
cycles to failure is interesting for applications in 
bridge engineering, a histogram showing the distri-
bution of the number of cycles to failure for the 429 
experiments from the database is given in Figure 1.

5 PROPOSED METHODS

5.1 For design

For the design of new structures, a method should 
be proposed that is easy to use and does not 
require iterations. The expression from NEN-EN 
1992-2+C1:2011 (CEN, 2011a), Eq. (8), is used as 
a starting point to develop this new method. As 
the Eurocode expression from Eq. (8) leads to 
very conservative results when compared to the 
experiments from the database (Lantsoght, 2014), 

Figure 1. Histogram of number of cycles in the experi-
ments from the database.
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k1 = 1 can be used instead of the recommended 
value of k1 = 0.85. The conservativism of the 
Eurocode expression from Eq. (8) increases even 
more for higher strength classes of  concrete. There-
fore, the term fck/250 can be replaced by fck/400 as 
used in the fib Model Code. Using different partial 
factors γc and γc,fat leads to confusion in practice. 
As such, γc  = γc,fat = 1.5 in the proposed model.
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In Eq. (22), the value of βcc is taken according 
to Eq. (5).

5.2 For existing structures

For existing structures a new method is developed. 
The following iterative procedure is recommended:
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Smax,EC is here the value of Smax which is found 
for 106 cycles, and can be expressed as:
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with fck in MPa and Ri* = Smin/Smax,EC and
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with βcc(t0) from Eq. (5), k1 = 1 and γc = γc,fat = 1.5. 
These equations have the following characteristics:

− for 1 loading cycle, the static compressive 
strength is found

− at 106 cycles, the connection between Eqs. (27) 
and (29) is smooth

− for higher strength concrete classes, the method 
is not overly conservative.

The disadvantage of this method is the need for 
iterations to determine Smax,EC. This method is rec-
ommended for the assessment of existing structures 
(Lantsoght et al., 2013). Note that when an exist-
ing structure is assessed and the measured concrete 
compressive strength is taken into account, the 
measured scatter on the tested cores needs to be 
taken into account to find the characteristic value 
of the concrete compressive strength fck.

6 COMPARISON BETWEEN METHODS 
AND EXPERIMENTS

A full comparison between the test results from 
the database and the proposed methods can be 
found in the research report (Lantsoght, 2014). A 
comparison between the proposal for design and 
the test results from the database with Smin = 0.05 
is given in Figure 2. In Figure 2, the S-N curves 
for different concrete classes are shown (lines), as 
well as test results from the database (datapoints) 
for their respective concrete classes. A similar com-
parison with the proposal for existing structures is 
shown in Figure 3.

An overview of the statistical parameters for 
the ratio of tested to predicted values for the pro-
posed methods is given in Table 2. The best pre-
dictions are found when using the method for 
existing structures, which requires iterations. This 
method gives the smallest coefficient of variation, 
which indicates the lowest amount of scatter on 
the predicted values as compared to the experi-
mental results. The 5% lower bound is determined 
based on the assumption of a normal distribution 
(“Char”) as well as based on the 5% lower bound 
in the histogram with the results of tested to pre-
dicted values for Smax (“5%”). Since the real distri-
bution of these results does not follow a normal 
distribution, a more conservative lower bound is 
found when a normal distribution is assumed, and 
therefore checking based on the real distribution 
can be used, which leads to satisfactory results for 
the presented proposals.

A similar comparison is given for each concrete 
class separately in the background report (Lant-
soght, 2014). From these results, it can be seen that 
the conservativism of the method increases slightly 
as the concrete compressive strength increases, as 
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shown in Figure 4. In Figure 4, Smax,test  is the value 
for Smax in the experiments for a given number 
of cycles N and Smax,pred is the value of Smax found 
based on the proposed methods for design of new 
structures of assessment of existing structures for 
a given number of cycles N.

Finally, the experimental results on normal 
strength concrete (CUR Committee C 33, 1983, 
Klausen, 1978) were used to confirm the validity of 
the proposed methods. This analysis can be found 
in the background report (Lantsoght, 2014).

Additionally, for concrete specimens tested 
under water in compressive fatigue, it was observed 
that the fatigue life is shorter than for dry concrete 
(CUR Committee C33, 1983, CUR Committee C 
33, 1993). For concrete under water (with its appli-
cation to structures that are in or under water, such 
as offshore structures), the method described by 
Eqs. (22) - (26) can be used with k1 = 0.85.

7 SUMMARY AND CONCLUSIONS

When designing and analyzing bridges, which are 
subjected to repeated loads, the fatigue strength 
needs to be considered. Traditionally the fatigue 
behavior of concrete under compression is 
expressed based on the Wöhler-diagrams, also 
called the S -N  curves. The Dutch National Annex 
to the Eurocode for concrete bridges prescribes 
different formulas from those recommended in 
the Eurocode for concrete bridges. The disadvan-
tage of these expressions, however, is that the S-N 
curves show a discontinuity for 106 cycles.

A survey of the literature about the fatigue 
strength of high strength concrete under compres-
sion shows that different authors find different 
results whether or not the concrete compressive 
strength has an influence on the fatigue life of 
concrete under compression. A safe approach, as 
used in the codes under analysis, is thus to reduce 
the fatigue capacity for high strength concrete. The 
codes that are analyzed for the current study are 
the previously used Dutch code NEN 6723:2009, 
the Eurocode for concrete structures NEN-EN 
1992-1-1+C2:2011 and its Dutch National Annex 
NEN-EN 1992-1-1+C2:2011/NB:2011, the Euroc-
ode for concrete bridges NEN-EN 1992-2+C1:2011 
and its Dutch National Annex NEN-EN 1992-
2+C1:2011/NB:2011, as well as the fib Model Code 
2010. The Model Code is the most recent code, and 
takes new test results on high strength concrete 
under repeated compression loads into account.

To compare the code methods and the proposed 
methods to experimental data, a database of 429 
test results of mostly high strength concrete is com-
piled. Moreover, a database with 165 test results 
of normal strength concrete is compiled for veri-
fication purposes. These experiments on normal 
strength concrete were used to develop the current 
codes (Dutch code and Eurocodes).

Two new methods are proposed to replace 
the S-N curves from the Dutch National Annex 
to the Eurocode of concrete bridges NEN-EN 
1992-2+C1:2011/NB:2011, in which a discontinu-
ity for 106 cycles was observed. One method is an 
improvement of the expressions from NEN-EN 
1992-2+C1:2011, and can be used for the design 
of new structures. The other method requires 

Figure 2. S-N curves from Eq. (23) and comparison to 
test results with k1 = 1 and Smin = 0.05.

Figure 3. S-N curves from Eqs. (27) and (29) and com-
parison to test results with Smin = 0.05.

Figure 4. Comparison between unity checks (aver-
age value) for different concrete classes, without the C2 
results from Saucedo et al. (2013) for C60 concrete.

ICCRRR15_Fullpaper_Book.indb   Sec1:1017ICCRRR15_Fullpaper_Book.indb   Sec1:1017 8/27/2015   9:24:05 AM8/27/2015   9:24:05 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-140&iName=master.img-001.jpg&w=189&h=107
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-140&iName=master.img-002.jpg&w=189&h=112
http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-140&iName=master.img-003.jpg&w=189&h=102


1018

iterations and is developed within the scope of 
the current research. The latter method is recom-
mended for the assessment of existing structures. 
Based on a statistical analysis of the comparison 
between the experimental results from the data-
base and the proposed methods, it is found that the 
methods are safe, and that the scatter of the results 
of tested to predicted values is acceptable for the 
outlined purposes.
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ABSTRACT: Diffusion is an important property for characterizing concrete durability because it governs 
the penetration of aggressive substances (Cl-, SO4

2-, O2, CO2) responsible for degradation. However, data on 
the diffusion of substances (other than Cl-) in concrete are very scarce due to time and resource consuming 
measurements. This work describes a method to determine the diffusion coefficients of dissolved gases in 
saturated cement-based materials in order to study the effects of degradation on the transport properties. 
The proposed method is adapted from the technique used to determine the diffusivity of clay materials. The 
method is based on a through-diffusion methodology and allows simultaneous determination of diffusivi-
ties of two dissolved gases diffusing in opposite directions. A cement plug is mounted between two water 
reservoirs pressurized by two different gases at equal pressure (∼1 MPa) to avoid advection. The changes in 
the dissolved gas concentration (at the opposite sides) are measured indirectly via gaseous phases which are 
in equilibrium with aqueous phases according to Henry's law. Additionally, a simple 1-D diffusive transport 
model (based on 1st and 2nd Fick’s laws) is developed to interpret the experimental data. The concentrations 
at outlet and inlet are used as inputs for the model, and the diffusivity is obtained by a fitting procedure.

Experiments were performed on intact and carbonated cement (CEM I) paste samples with a gas com-
bination: He and Xe. The results showed that the proposed method is providing reliable results within a 
reasonable experimental time and is useful to study the effects of degradation on the transport properties 
of cementitious materials. Carbonation resulted in a lower diffusivity.

Keywords: diffusion; cementitious materials; dissolved gas; measure; modelling

J D C
x

∂
∂  

(1)

where J is the substance flux [kg/m2.s]; ∂ ∂x∂ is 
the concentration gradient [kg/m4]; and D is the 
diffusion coefficient [m2/s]. In porous materials, 
diffusion is affected by the characteristics of pore 
network (porosity φ  [-], tortuosity τ [-], constrictiv-
ity δ [-]) which leads to the need to define differ-
ent diffusion coefficients for practical application 
(García-Gutiérrez et al., 2006). The pore diffusiv-
ity, Dp, is smaller than the diffusivity in free water 
or ideal solutions D0, which takes into account the 

1 INTRODUCTION

Diffusion of  chemical substances plays an 
important role in many degradation processes 
(e.g. corrosion of  steel bars; chloride & sulphate 
attack). Knowledge of  diffusion coefficients 
helps to better design and evaluate durability of 
concrete structures. Diffusion is a mass trans-
port induced by the random Brownian motion 
of  substance. The diffusion coefficient (diffu-
sivity) is the capacity of  a medium to transfer 
substances (gases, dissolved gases, ions) under a 
concentration gradient expressed by Fick’s first 
law (1-D):
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effects of tortuosity (defined as the ratio between 
the actual length of flow path to the straight length 
of a sample) and constrictivity (a dimensionless 
parameter depending on the ratio of the size of dif-
fusion species and pore size) and is expressed as: 

D DpD 0DD
2

δ
τ 22

 
(2)

The effective diffusivity, De [m2/s], takes into 
account the volume of porous media available for 
diffusion and is defined as: 

D D De pD D =DDDDD φδ
τ0DD

2ττ  
(3)

The apparent diffusivity, Da [m2/s], takes into 
account the sorption/binding which retards the dif-
fusion and is linked to the pore diffusivity through 
a retardation factor (≥1), Re as follows: 

D
D
R

D
RaD pD

e eR R
= =p

0DD
2

δ
τ 22

 
(4)

Diffusion generally depends on the pore net-
work characteristics of the cementitious materials, 
mainly controlled by water/cement ratio, cement 
type, admixtures, and the age of hardened cemen-
titious materials. Due to the importance of diffu-
sion, many methods to determine diffusivity have 
been proposed. The diffusion coefficients can be 
obtained under steady state or transient state con-
ditions. The steady state method requires a long-
time experiment compared to the transient method, 
but it might be accelerated by some means such as 
using an electrical gradient (Maes et al., 1999).

Published data on the diffusion of gases in 
cementitious materials are scarce. The diffusion 
coefficients obtained are decreasing with curing 
time and increased with w/c ratio. Daimon et al. 
used a through-diffusion method (see section 2) to 
measure the diffusion of hydrogen and nitrogen 
in dried OPC mortars with different curing time 
and w/c ratios (Daimon et al., 1971). The diffusion 
coefficients obtained are decreasing with curing 
time and increasing with w/c ratio. After 28-day 
curing, the diffusion coefficients are 4.8 × 10-7 
and 1.9 × 10-7 m2/s for w/c ratios of 0.65 and 0.5, 
respectively. Sercombe et al. studied the diffusion 
of hydrogen and xenon in cement paste at different 
relative humidity, w/c ratios and cement types (Ser-
combe et al., 2007). Results show that gas diffusion 
decreases with the increase of RH, especially when 
RH is higher than 55%. The hydrogen diffusion 
coefficient is found to decrease 4 orders of magni-
tude when RH is increased from 3% to 93%.

The data on diffusion of dissolved gases in satu-
rated cement-based materials are even scarcer in 
literature. The measurements are extremely time-
consuming as the diffusion of dissolved gas in satu-
rated media is much slower than of gas (in gaseous 
phase) in unsaturated media. However, knowledge 
of the diffusion of certain dissolved gases is very 
important, especially the case of dissolved oxygen 
which is involved in the corrosion process of steel 
bars in reinforced concrete. The effective diffusion 
coefficients of dissolved oxygen are usually deter-
mined by an electrochemical method involving 
cathodic consumption of the diffused oxygen. This 
technique is much quicker to obtain steady state 
compared to through-diffusion. Tittarelli studied 
oxygen diffusion through hydrophobic and normal 
cement-based materials which were fully immersed 
in water (Tittarelli, 2009). It is reported that the 
effective diffusion coefficient of hydrophobic con-
crete with w/c of 0.8 is 5 × 10-8 m2/s which is almost 
3 orders of magnitude faster than concrete without 
hydrophobic admixture (7 × 10-11 m2/s). The author 
attributed this difference to that dissolved oxygen 
directly diffuses as a gaseous phase through the 
empty pores of a hydrophobic cement matrix. In 
a comparative study of chloride and oxygen diffu-
sion in saturated cement pastes, Yu et al. (Yu and 
Page, 1991) reported that dissolved oxygen diffuses 
faster than chloride due to surface charge effect 
of chloride diffusion, even though the two species 
have very similar diffusivities in infinitely dilute 
solution. The retardation increases with decrease 
of water/binder ratio, at water/binder ratio of 0.5 
the diffusion coefficient of oxygen is about 1 × 10-11 
m2/s which is 2 times faster than one of chloride. 
Castellote et al. (Castellote et al., 2001) have drawn 
the same conclusion in a study on cement paste 
with w/c of 0.4. The effective diffusion coefficient 
of dissolved oxygen determined by electrochemi-
cal method is 9.5 × 10-12 m2/s which is also about 
2.5 times faster than one of chloride determined by 
either electrochemical or migration tests.

Probably for concrete materials, the main con-
cern on ionic diffusion is the migration of the chlo-
ride ion. This is due to the extent of reinforcement 
corrosion damage due to de-icing and exposing 
to marine environment. A large number of meth-
odologies have been proposed to determine the 
chloride diffusion coefficient. Most of the meth-
ods have been applied for saturated materials, few 
studies focused on partially saturated concretes 
(Olsson et al., 2013, Guimaraes et al., 2011). The 
measured chloride ion apparent diffusion coeffi-
cients are of the order of 10-11 m2/s for saturated 
materials while the apparent diffusion coefficients 
are significantly decreased with the decrease of 
saturation degree. At a saturation degree of 50%, 
the apparent diffusion coefficient drops about one 
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order of magnitude compared to saturated mate-
rial (Guimaraes et al., 2011). Besides chloride ions, 
sulphate ions are also of relevance, as sulphate 
attack is one of the coherent durability problems 
in coastal concrete structures. The diffusion coef-
ficient of sulphate ions is normally measured by 
in-diffusion method in which the sample is located 
between a sodium sulphate solution (5%) at one 
side and pure water at the other side (Sun et al., 
2013). A similar migration test protocol for chlo-
ride can also be applied for the determination of 
sulphate diffusion coefficient (Moon et al., 2002, 
Tumidajski and Turc, 1995). The measured chlo-
ride ion diffusion coefficients are of the order of 
10-12 m2/s (Moon et al., 2002, Condor et al., 2011).

2 EXISTING METHODS TO DETERMINE 
DIFFUSIVITIES OF DIFFERENT 
SPECIES

2.1 Gas/dissolved gas diffusion

The diffusion of gases is normally determined by 
through-diffusion technique. The setup is quite 
simple: a thin sample is located in between two 
compartments. The setup usually allows measur-
ing the diffusivity of only one gas (Sercombe et al., 
2007) by injecting the testing gas to the upstream 
compartment and the sweep gas to the downstream 
compartment. The sweep gas is needed to balance 
the pressure in two compartments which prevents 
the advective transport. Gas concentrations are 
determined regularly (by gas chromatography) 
until steady state is reached.

Fig. 1 shows a typical concentration profile of a 
diffusing gas over time. When steady state condi-
tion is reached, the concentration profile becomes 
a straight line which means the diffusive flux across 
the sample is constant. Therefore, Fick’s first law 
can be applied to calculate the cumulative quantity 
Q(t) [kg] of testing gas passed through a sample 
with a cross-sectional area A [m2]:

Q D A c
x

dt D AC
L

teD
t

eD( )t = − ∂
∂

′ =∫
0

0CC

 
(5)

where L [m] is the length of sample; C0 [kg/m3] is 
the concentration of testing gas in the upstream 
compartment. Note that the concentration of 
testing gas is neglected compared to C0. The effec-
tive diffusivity is then easy to compute from the 
slope of Q(t) curve. In case of no sorption/bind-
ing (Re = 1), the accessible porosity of the sample 
can be determined from the time-lag tlag [s] which 
is the intercept of the straight line with the x axis 
in Fig. 1. However, it is found that the porosity 

determined from time-lag is less precise (García-
Gutiérrez et al., 2006).

φ =
6

2

D t
L2

e lD t agll

 
(6)

Keeping the concentration gradient constant is 
difficult because of sampling which decreases the 
pressure (thereby concentration) of the testing gas. 
However, a small variation in the concentration 
gradient can be permitted (García-Gutiérrez et al., 
2006). If  the pressure in the compartments is drop-
ping too much, a numerical approach is needed to 
fit the effective diffusion coefficient.

2.2 Ionic diffusion

Diffusion of ionic species is probably the most sig-
nificant transport process which affects the chemi-
cal degradation of cementitious materials because 
most degradation occurs in the presence of water 
in which ionic species can migrate through concrete 
driven by concentration gradients. The diffusion 
of ions is more complex than dissolved gases due 
to its possibility to interact with solid phases of the 
porous medium (charge repulsion/attraction) and 
effects of the presence of other ionic species. In 
general, the effective diffusion coefficients of ionic 
species can be measured by through-diffusion (as 
discussed above), in-diffusion or electro-migration 
methods (often referred to as “migration” tests).

Instead of waiting until steady state like through-
diffusion, in-diffusion is a transient method which 
is less time-consuming. The technique is based on 
the measurement of concentration profile of the 
testing ion by cutting the sample into small slices 
at a given time. Experiments are usually designed 
in the way that the source concentration of testing 

Figure 1. Cumulative quantity in the upstream over 
time.

ICCRRR15_Fullpaper_Book.indb   1021ICCRRR15_Fullpaper_Book.indb   1021 8/27/2015   9:24:08 AM8/27/2015   9:24:08 AM

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/b18972-141&iName=master.img-000.jpg&w=189&h=146


1022

ionic species is kept constant and the sample is 
long enough to be considered as a semi-infinite 
medium. The apparent diffusion coefficient is then 
obtained by fitting the concentration profile with 
solution of the Fick’s second law (Crank, 1975):

C t C C erfc x
D taD

( ,x ) (C )C
⎛

⎝
⎜
⎛⎛

⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
0 0C CCsC(CCC

2
 

(7)

where C(x,t) is concentration at depth x [m] and 
time t[s]; C0 and Cs are the initial and source con-
centrations, respectively [mol/m3]; and erfc is the 
complementary error function.

Electro-migration tests have been developed to 
accelerate the ionic transport by applying an elec-
trical field. The setup is quite simple. A thin sample 
is located between two electrodes. A testing ionic 
species is added to the upstream compartment. A 
constant electrical potential difference is applied 
across the sample. In steady-state migration tests, 
the evolution of the concentration of a given ionic 
species in the downstream compartment is moni-
tored until steady state is reached. In non-steady 
state migration tests, the concentration profile of 
ionic species within the sample is measured after a 
given period. the calculation of the diffusion coef-
ficient is based on the Nernst–Planck Equation 
(Bockris and Reddy, 1974). 

J D C
x

DC zF
RT x

CV( )x ( )x= − ∂
∂

− ∂
∂

+Ψ

 
(8)

where C is the concentration [mol/m3]; D is the dif-
fusion coefficient [m2/s]; z is the valence number 
[-]; F is the Faraday constant [coulomb/mol]; R 
is the ideal gas constant [J/mol.K]; T is the abso-
lute temperature of the liquid [K]; Ψ is the electri-
cal potential [V], and V(x) is the bulk velocity of 
the fluid along x direction [m/s]. On the right side 
of Eq. (8) the first term stands for diffusion, the 
second term stands for (electro)migration and the 
last term stands for convection. Note that chemi-
cal activity effects are neglected in this expression. 
Under steady state flow and with assumption that 
migration is the dominant transport process, it is 
possible to calculate the effective diffusion coeffi-
cient as follows:

D J RTLTT
zFCeD

sC
= ( )x

ΔΨ  
(9)

where Cs is the source (boundary) concentration 
[mol/m3]; L is the length of sample [m]; and ΔΨ 
is the potential difference [V]. The flux J(x) can 
be calculated from the concentration evolution in 
the downstream compartment. In non-steady state 

regime, the concentration of the ion in the sample 
changes with time. Fick’s second law is applied to 
solve the problem: 

∂
∂

= − ∂
∂

− ∂
∂

− ∂
∂

+⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

C
t x∂

D C
x

DC zF
RT x

CVΨ ( )x
 

(10)

If  the convection term is negligible, for semi-in-
finite media an analytical solution of Eq. (10) can 
be obtained by (Luping and Nilsson, 1993)
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where a z RTL= ΔzF Ψ / . Note that D in Eq. (11) is 
referred as apparent diffusion coefficient because 
in transient state the physical/chemical interactions 
have not been completed. The diffusion coefficient 
is obtained by fitting the calculated concentration 
profile to the one measured during the migration 
test. For clays, Maes used an adapted electromigra-
tion technique to determine diffusion coefficients 
of radionuclides (Maes et al., 1998).

3 DETERMINATION OF DIFFUSIVITIES 
OF DISSOLVED GASES

3.1 Sample preparation and experimental setup

The diffusion experiments were performed on two 
intact samples S1 (water/powder = 0.425, limestone 
filler/powder = 0%) and S2 (water/powder = 0.375, 
limestone filler/powder = 10%). These samples 
had quite similar w/c ratios, i.e. 0.425 for S1 and 
0.416 for S2. Furthermore, the change in diffusiv-
ity due to carbonation was determined on carbon-
ated sample S1 (named as S1C). Type I ordinary 
Portland cement (CEM I 52.5 N) was used. This 
cement has Blaine specific surface area of 435 m2/
kg and density of 3100 kg/m3. Table 1 gives a sum-
mary of the chemical composition. Limestone fill-
ers (Calcitec 2001S) has Blaine specific surface of 
3500 cm2/g and CaCO3 content of 98.30%. Other 
chemical and physical properties are shown in the 
Table 2. Superplasticizer Glenium 27 was added to 
the mix with content of 0.5% with respect to mass 
of cement.

Cement paste was poured in a cylindrical PVC 
tube with inner diameter of 97.5 mm. The sample 
was then rotated during 24 hours to prevent seg-
regation. Afterwards, the sample was cured in a 
sealed condition in a temperature controlled room 
(22 ± 2oC) for 27 days. The 28-day-cured cement 
paste was sawn into 25 mm thick slices. The disks 
were then embedded into the polycarbonate part of 
the permeability cells. It took 24 hours for the resin 
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to dry before polishing to obtain the final sample 
thickness of 25 mm. The samples were afterwards 
saturated under vacuum conditions (Phung et al., 
2013). For carbonated sample, the sample S1C 
was carbonated by applying a pressure gradi-
ent of 5 bar pure CO2 for 28 days (Phung et al., 
Under review). Prior to diffusion test, the carbon-
ated sample needs to be saturated after carbona-
tion test. Thanks to the flexibility of the primary 
cell, the sample/cell can be easily switched/discon-
nected from the carbonation setup and mounted/
connected to the diffusion setup by means of quick 
connect couplings.

The gas couple He-Xe was used for all diffu-
sion experiments. In order to obtain the effective 
diffusion coefficients, the accessible porosity was 
determined by a combination of MIP and N2-ad-
sorption experiments (Phung, 2015). The MIP 
experiments determined the porosity down to the 
pores with minimum diameter of 7.35 nm (corre-
sponding to maximum intrusion pressure of 200 
MPa). The porosity in pore size range of 3.17 – 
7.35 nm was determined by N2-adsorption experi-
ments. The BJH method was used to calculated 
pore volume.

A schematic view and a picture of the experi-
mental setup are presented in Figs. 2 and 3, respec-
tively. The setup is the same as the one used for 
clay materials (Jacops et al., 2013) except for the 
diffusion cell which is exactly the same of the per-
meability cell. Two precise pressure transducers 

(TURCK, Plymouth, USA) were used to measure 
gas pressure in the pressurized water vessels. The 
water with the dissolved gas was circulated over 
the contact filter in the cell by means of magnetic 
coupled gear pumps (ISMATEC, Glattbrugg, 
Switzerland). The diffusion cell was connected to 
the system through quick connectors.

3.2 Experimental procedure 

The experiment was performed in a temperature 
controlled room at 21 ± 2°C. Prior to the diffusion 
measurement, the sealing of the whole system was 
checked by applying a gas pressure of 12 bar and 
following the pressure evaluation over time (few 
weeks). The entire setup is considered to be gas-
tight if  the pressure is stable. The air or residual 
gas from previous tests in the system was removed 
as much as possible by flushing the system with 
the testing gases. During flushing, bypass lines 
were opened while all valves connected to the sam-
ple were closed to prevent diffusion proceeding at 
this step. Care must be taken to avoid testing gas 
contamination of each vessel (i.e. gas 1 present in 

Table 1. Chemical composition and some properties 
of the cement CEM I 52.5 N (from manufacturer fact 
sheet).

Determinant Percent Determinant Percent

CaO 63.0% Chromium(VI) <2.10-4%
SiO2 20.0% Cl- 0.06%
Fe2O3 3.0% Na2O eq. 0.85%
Al2O3 5.0% Loss on ignition 1.60%
Sulphate SO3 2.9% Insoluble residue 0.50%

Table 2. Chemical and physical properties of limestone 
fillers (from manufacturer fact sheet).

Density 2.7 g/cm3 CaCO3 98.30%
Blaine specific surface 3500 cm2/g MgO 0.36%
Particle size distribution: SiO2 0.75%
Passing 2mm 100.0% Al2O3 0.25%
Passing 500μm 99.9% Fe2O3 0.10%
Passing 125μm 97.0% Na2O eq. 0.05%
Passing 63μm 77.0% pH 9.5
D50 (50% passing) 10.1μm

Figure 2. Schematic experimental setup of diffusion 
(adapted from (Jacops et al., 2013)).

Figure 3. Image of the diffusion experiment.
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vessel 2 and vice versa). Subsequently, a volume of 
0.5 litre of degassed water was added to each ves-
sel, whereafter they were pressurized by the respec-
tive gases to a similar pressure of about 10 bar to 
prevent advective transport. Prior to the measure-
ment, a sample was taken to determine the initial 
gas composition of both vessels and referred as the 
sample at the time zero. In order to start the test, 
all valves connected to the sample were opened, the 
bypass lines were closed. At that moment, the pres-
sures in both vessels slightly dropped due to small 
volume increase of the system, but still in bal-
ance. Gas samples were regularly (generally every 
2 weeks) taken via external samplers until enough 
data points were collected to obtain diffusivity 
(few months). To avoid a too large pressure drop 
due to sampling, the sample volumes taken were 
only 6 ml. The gas composition was analysed with 
a CP4900 micro gas chromatograph (VARIAN, 
Palo Alto, USA).

3.3 Data analysis

In order to interpret the experimental data, a 1-D 
diffusive transport model was developed (Jacops et 
al., 2013). Fick’s laws were used to describe the dif-
fusion of the dissolved gases.

J D
C
xdgJ eD dgC∂

∂  
(12)

φRφ
C

t
D

C
xeR dgC

eD dgC∂
∂

=
∂
∂

2

2
 

(13)

where Jdg [mol/m2.s] is flux of dissolved gas; De 
[m2/s] is the effective diffusion coefficient; φ[-] 
denotes porosity; Re denotes the retardation fac-
tor which takes into account the interactions of 
dissolved gas and the medium. Note that in most 
cases, the retardation factor Re of  inert gas is one.

Cdg [mol/m3] denotes concentration of dissolved 
gas in the porous medium; t[s] denotes time and 
x[m] denotes length. With constant boundary con-
ditions, Eq. (13) can be analytically solved using 
the inverse Laplace method (Crank, 1975). How-
ever, during sampling the concentration at the 
upstream was decreased. As such boundary condi-
tions are not easily implemented in the analytical 
solution; a numerical method was chosen to solve 
the problem.

At the upstream, the dissolved gas concentra-
tion was imposed as boundary condition. The dis-
solved gas concentration was calculated from the 
gas pressure above the water, which was regularly 
measured, by Henry’s law. 

C K PdgC HK u

 
(14)

where CdgC u  [mol/m3] is concentration of dissolved 
gas at the upstream; KH [mol/m3.atm] is Henry 
constant; Pu [atm] denotes gas pressure. At the 
downstream, the concentration was considered 
to be zero because of the extremely small value 
compared to the concentration at the upstream 
(approved by experimental results). The quantity 
QoutQQ ( )t  [mol] of dissolved gas diffused out of the 
sample was calculated as follows:

Q A J t dtoutQQ
t

( )t ( ,L )= ′ ′dt)∫
0  

(15)

where A [m2] and L are cross section and length of 
the sample, respectively; J t( ,L )′  is the flux at the 
downstream boundary. The quantity QoutQQ ( )t must 
be equal the total amount of testing gas QmeQQ a ( )t  
at the downstream (in water and gas phase) which 
can be determined by measuring the partial pres-
sure Pd [atm] of the testing gas above the water at 
the downstream according to Clapeyron equation 
and Henry’s law for ideal gas .

Q Q K P V
V P
RToutQQ meQQ a HK d

lVV gVV d

( )t )tt( )t= =Q )t +
 

(16)

where Vl and Vg [L3] are water and gas volumes 
at the downstream, respectively; R denotes uni-
versal gas constant [J/mol.K] and T [K] denotes 
temperature. Initially, the concentration of  dis-
solved gas was zero in the sample. The diffusion 
problem was numerically solved in COMSOL 
Multiphysics. The effective diffusion coefficient 
was obtained by using a least squares fitting 
procedure of  the diffused quantity QoutQQ ( )t  to the 
measured one QmeQ a ( )t with the MATLAB Optimi-
zation Toolbox.

The changes in effective diffusivity of cementi-
tious materials are due to the alterations of poros-
ity, tortuosity and constrictivity resulting from 
degradation processes. In order to estimate the 
effects of carbonation/leaching on the changes of 
effective diffusion coefficients of other substances, 
a lumped parameter τ φδ2ττ /  can be calculated as 
follows: 

τ
φδ

2ττ 0= D0

DeD  
(17)

4 RESULTS AND DISCUSSION

4.1 Intact samples 

Despite the quite similar w/c ratios, the accessible 
porosity of sample S2 was 16.8% which is relatively 
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lower than sample S1, 19.7%, due to limestone 
filler addition (Table 4).

It is assumed that there is no adsorption for He 
and Xe due to its inert characteristics as noble gases. 
Thus the retardation factor Re was set to one. Due 
to lower diffusivity of Xe compared to He (5 times 
lower in free water), the concentration of Xe at the 
outlet was not high enough to be detected reliably 
by gas chromatography within the experimental 
time (4–5 months). Therefore only the data of He 
diffusion are presented for the intact samples. Fig-
ure 4 shows the fitted and measured partial pres-
sure profiles of He at the outlet for intact samples 
S1 and S2. Good correlation coefficients were 
obtained for both cases. The effective diffusion 
coefficients of samples S1 and S2 were 2.32 × 10−11 
m2/s and 1.22 × 10−11 m2/s, respectively. The lime-
stone filler addition improved the microstructure 
which resulted in a decrease of diffusivity of about 
50%. Ramezanianpour et al. (Ramezanianpour et 
al., 2009) also reported a significant decrease in 
chloride diffusion due to limestone filler addition 
for the cases of OPC concrete with w/c ratio of 
0.45 and concrete with w/p ratio of 0.37 and 20% 
limestone filler replacement (w/c = 0.46). However, 
when w/c ratio was increased to 0.55, the reduc-
tion effect in diffusion was not clear. Note, if  the 
comparison is only based on the same w/p ratio, 
Ramezanianpour showed an increase in diffusion 
if  the limestone filler replacement was higher than 
10% which was also observed by Bonavetti et al. 
(Bonavetti et al., 2000).

From the obtained effective diffusion coefficients 
the square of tortuosity/constrictivity ratios can be 
calculated by Eq. (17). Diffusion coefficients for 
other gases can be calculated if  one considers that 
they exhibit similar τ2/δ ratio. We calculated the dif-
fusivity of Xe which we were not able to determine 
because of limited time as shown in Table 4. It can 
be seen that the effective diffusion coefficient of 
Xe is quite small compared to He (5 times lower). 
Therefore, the time needed for collecting enough 
data to extract Xe effective diffusion coefficient is 
relatively longer for the case of He.

4.2 Carbonated sample 

The diffusion experiments were performed on 
carbonated sample S1C (w/p = 0.425, ls/p = 0%). 
As seen in Table 3, the accessible porosity of the 
carbonated zone (within 3 mm from the reactive 
surface) was relatively decreased due to carbona-
tion; the critical pore diameter (which is the most 
frequently occurring pore size in interconnected 
pores) was almost unchanged. However, the thresh-
old pore diameter was significantly reduced. Note 
that the porosity of the carbonated sample (not 
carbonated zone) is not the same over the depth of 
sample. The average porosity of the entire carbon-
ated sample was calculated by weighted average 
method as follows:

φ
φ φ

aφ caφφ r car reφ f ce ard dφreφ fe

d
=

φreφ fe )card dc−d
 (18)

where φaφ , φcaφ r and φreφ fe  [-] denote the average poros-
ity of the entire carbonated sample, the porosity 

Table 3. Microstructural parameters and bulk density 
of intact and carbonated samples determined by N2-ad-
sorption and MIP combination – “C” denotes carbon-
ated sample.

Sample
w/p
ls/p

S1
0.425
0

S1C
0.425
0

S2
0.375
0.1

Accessible porosity,% 19.7 17.0 16.8
Critical pore diameter, nm 32.0 33.0 36.4
Threshold pore diameter, nm 1000 100 200
Bulk density, g/cm3 1.78 2.14 1.85

Figure 4. Increase in He partial pressure at the down-
side compartment in the through-diffusion experiment 
with dissolved gases - Comparison between experiment 
and model for intact samples S1 and S2.
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of the carbonated zone and the porosity of the 
intact sample, respectively; dcar and d [m] denote 
the thicknesses of carbonated zone and the sam-
ple, respectively. Furthermore, the porosity might 
be decreased due to the continuous hydration of 
the sample during long time diffusion experiment. 
However, this effect was not counted in this calcu-
lation. The retardation factor Re was again set at 
one. Fig. 5 shows the fitted and measured partial 
pressure profiles of He at the outlet for carbon-
ated sample S1C. A good correlation was obtained 
(r2 = 0.9919). The effective diffusion coefficient 
of S1C was 1.64 × 10−11 m2/s, which is 30% lower 
than the effective diffusion coefficient of the intact 
sample.

It is worth mentioning that the effective diffusion 
coefficient of the carbonated sample (D) should 
be treated as the composite (overall) effective dif-
fusion coefficient. Therefore, the series model 
(Phung, 2015) was applied for the calculation of 
the effective diffusion coefficient of the carbonated 
zone with an assumption that the effective diffu-
sion coefficient of sound zone equals to the one 
of the intact sample. Estimation of the effective 
diffusion coefficient of the carbonated zone (Dcar) 
resulted in a value of 4.72 × 10−12 m2/s, which is 5 
times lower than the effective diffusion coefficient 
of the intact sample (Dun).

5 CONCLUSIONS

In the present work, a promising method to deter-
mine the diffusion coefficients of dissolved gases 
in saturated cement-based materials was described. 
The proposed method enabled to measure the 

diffusivities of two dissolved gases in a single 
experiment and was integrated to the other setups 
in order to study the effects of degradation on the 
transport properties. A 1-D diffusive transport 
model accounting for the pressure drop was used 
to better interpret the experimental results.

The method proves its reliability through its good 
correlation coefficients between the measured and 
modelled partial pressures. However, its accuracy 
cannot be evaluated because, to the knowledge of 
the author, this is the first time that data on dif-
fusion of dissolved He in cement-based materials 
were reported. Oxygen is the only dissolved gas 
for which diffusion data in cement-based materials 
can be found in literature (Castellote et al., 2001, 
Tittarelli, 2009).

It was observed that the addition of  limestone 
filler had significant influences on diffusivity. 
With a similar w/c ratio, adding 10% of  limestone 
filler reduced the diffusivity of  cement paste by 
50%. The square of  tortuosity/constrictivity 
ratio calculated from the measured gas (He) can 
be used to estimate the diffusion coefficients for 
other gases.

The carbonation exhibited a significant decrease 
in diffusivity resulting from the changes in micro-
structure. A series model was used to estimate the 
diffusivity of the carbonated zone. Estimations 
showed that the diffusivity of the carbonated zone 
were significantly decreased (factor of 5) compared 
to the composite diffusivity (only 30% decrease).
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Figure 5. Comparison of the He partial pressure at the 
outlet obtained from experiment and model for carbon-
ated sample S1C after 28 days of carbonation.

Table 5. Estimation of effective diffusivity of carbon-
ated zone using series model.

D, m2/s Dun, m2/s Dcar, m2/s Dun/Dcar

1.64 × 10-11 2.32 × 10−11 4.72 × 10-12 4.92

Table 4. Estimation of effective diffusion coefficient 
[m2/s] for Xe from information of tortuosity and con-
strictivity obtained from He diffusion experiment – (*) 
obtained from (Jähne et al., 1987). 

Sample S1 Sample S2

He (mea.) Xe (cal.) He (mea.) Xe (cal.)

D0
(*) 7.22 × 10−9 1.47 × 10−9 7.22 × 10−9 1.47 × 10−9

De 2.32 × 10−11 4.73 × 10−12 1.22 × 10−11 2.49 × 10−12

φ, % 19.7 19.7 16.8 16.8
τ2/δ 61.2 61.2 99.1 99.1
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Comparison of residual strengths of concretes with quarzitic, limestone 
and slag sand constituents after cyclic high-temperature exposure

S. Anders
Institute of Structural Engineering, Construction Materials, Bergische 
Universität Wuppertal, Wuppertal, Germany 

ABSTRACT: A series of experiments was conducted in order to investigate the effects of different types 
of cements, different types of aggregates, increased number of thermal cycles and different storing climates 
on concrete mixtures. It is demonstrated that the compressive strength starts to decrease at temperatures 
above 250°C. The decrease in strength is governed by the type of aggregate used. Thermal cycles up to 24 
cycles do not further decrease the mechanical properties. The decrease in strength seems to be governed by 
the maximum temperature instead of the number of thermal cycles. The way and duration of storing the 
concrete mixtures after high-temperature exposure also seems to affect the residual strength. After being 
exposed to 250°C storing decreases the residual strength, whereas the residual strength increases for some 
of the mixtures tested after exposure of 900°C.

2 LITERATURE REVIEW

2.1 Behavior of aggregates in high temperatures

As commonly known, the type of aggregate in con-
crete significantly affects its behavior if  subjected 
to high-temperatures.

As an example the following Figure 1 displays 
the thermal expansion of limestone, basalt and 
quarzitic sandstone (Reinhardt 2005). The increase 
in thermal expansion of quarzitic sandstone is pri-
marily attributed to the quartz inversion at 573°C 
which goes along with an expansion of the quartz. 
Basalt shows a more or less linear thermal expan-
sion due to its magmatic origin. Limestone shows a 
contraction if  the temperature is higher than about 
800°C because it starts to deacidificate, which 
means that calcium carbonate outgases carbon 
dioxide leaving behind highly reactive and water 
attracting burnt limestone (carbon oxide). In con-
crete, limestone cannot only be found as aggregate 
but also as part of the cement in blended cements 
(e.g. CEM II/A-LL), limestone powder e.g. in self-
compacting concrete or both. If  burnt limestone 
gets in contact with liquid water for instance as 
forge water or attracts air moisture after an event 
of fire, it can chemically expand and further dam-
age the concrete matrix.

On the other hand, cement can contain blast-
furnace slag which can either chemically react to 
Calcium-Silicate-Hydrate phases (CSH) in the 
alkaline environment in concrete or function as 
aggregate if  it is used as sand fraction. Therefore, 
these phases are affected by high temperature in 

1 INTRODUCTION

Many experiments and results have been published 
on the topic of “hot strength” of concrete that 
means its behavior if  subjected to high-tempera-
tures e.g. in case of fire. These results are also well 
documented in different codes and regulations. But 
only little information can be found on the “resid-
ual strength” of concrete which has cooled down 
after a high-temperature exposure. This informa-
tion is for instance needed if  the residual load-
bearing capacity of structural members has to be 
evaluated after an event of fire. Even less results 
can be found in literature if  the question of cyclic 
high-temperature is dealt with. This question can 
occur e.g. in foundries or steelworks.

Furthermore, it is commonly known that the 
behavior of concrete subjected to high-temperatures 
differs in terms of aggregate: calcitic aggregate/lime-
stone or quarzitic aggregate. In this study the type 
of aggregate will be extended to slag sand, because 
it has already been subjected to temperatures of 
about 1.200°C during its production process e.g. 
in steelworks. The majority of papers dealing with 
effects of aggregates on the concrete behavior were 
published before cements were blended using lime-
stone powder. Even effects of using blast-furnace 
cement instead of ordinary Portland cement have 
not been reported so far to the author’s knowledge. 
Therefore, the second major topic of this paper 
are the effects of different types of cements on the 
residual strength of concrete. As third question it 
will be dealt with different storing conditions after 
high-temperature exposure.
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the same way as the hydration products of ordi-
nary cement are.

2.2 Residual strengths of concrete after high-
temperature exposure

Concerning the residual strength of heated concrete 
information have been given e.g. by Hertz (2005) 
or can be found in the European code EN 1994-
1-2. A comparison of the different approaches has 
been published by Frangi et al. (2006). Figure 2 dis-
plays the differences in terms of reduction of the 
hot compressive strength and residual compressive 
strength. It can be seen that the curves given by 
EN 1994-1-2 and Hertz for the hot compressive 
strength only differ little. In the case of the residual 
compressive strength EN 1994-1-2 shows curves 
with a further reduction of compressive strength 
after cooling down of roughly 10% as long as the 
temperature is below about 600°C. After exposure 
in higher temperatures than 600°C the differences 
are even lower.

In contrast, the curves given by Hertz show a 
further reduction of about 30% in a temperature 
range from 300°C to 600°C. The residual strength 
is zero from about 750 °C onwards.

Frangi et al. explain the differences in the values 
given by EN 1994-1-2 and Hertz with differences in 
the stress level during heating which significantly 
affects the hot compressive strengths.

Some first tests on the cyclic behavior of nor-
mal strength concrete and high-strength concrete 
were done by Wellenberg (2010) and Lenz (2011). 
They used normal strength concrete and high-
strength concrete with steel and carbon fibers and 
applied temperature cycles on the different mix-
tures. The maximum temperature was 400 °C and 

the minimum temperature was 20 °C. The heating 
rate was 5K/min for all tests. These tests offer some 
interesting information on the cyclic behavior, but 
the maximum temperature stays within the range 
without major chemical or mineralogical changes 
in the concrete matrix.

Both found that the deterioration of the con-
crete matrix as well as the mass loss reach a nearly 
constant value after 5 thermal cycles at the latest.

Basing on this information the experimen-
tal program described in the following has been 
developed.

3 EXPERIMENTAL PROGRAM

The performed experimental program aimed at the 
determination of effects on the mechanical prop-
erties of concrete of different cement types, types 
of filler/aggregate, number of thermal cycles and 
finally storing climate after one cycle of high-tem-
perature exposure.

3.1 Concrete mixtures

In order to simulate the effects of different cement 
types an ordinary portland cement CEM I (mix-
ture 1) was applied as reference. In two further 
mixtures firstly a CEM III/A cement was used 
(mixture 2) and additionally slag sand was added 
which completely replaced the quarzitic aggregate 
(mixture 3).

Furthermore, a CEM II/A-LL (mixture 4) was 
used in order to get information in which way the 
limestone powder blended to the cement affects the 
mechanical properties. In addition, in one concrete 

Figure 1. Thermal expansion of limestone, quarzitic 
sandstone and basalt (Reinhardt 2005). Figure 2. Comparison of hot compressive strength 

and residual compressive strength by Hertz (2005) and 
EN 1994-1-2 for quarzitic aggregate.
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mix additional limestone powder was added replac-
ing some of the quartz sand (mixture 5).

An overview on the composition of the concrete 
mixtures is given in the following Table 1. The aim 
was to test normal strength concrete and thus to 
avoid further effects such as spalling which might 
have occurred for higher strength concretes.

As specimens, ordinary cement prisms with 
dimensions of 40 mm × 40 mm × 160 mm were 
used for all tests. This was possible because the 
maxi mum grain size was limited to 4 mm.

3.2 Temperature

In order to differentiate between the different 
chemical and mineralogical effects which were 
described in Chapter 2.1, the temperature levels 
were chosen as 250 °C, 500 °C and 900 °C. The 
number of thermal cycles varied between 1, 8 and 
24 cycles.

During the high-temperature tests the heat-
ing rate was 5 K/min in the ascending branch of 
the curve. After the maximum temperature was 
reached it was kept constant for 4 hours. The cool-
ing down process was free cooling down, because 
active cooling was not possible in the oven used 
for the 900 °C level. This cooling down phase took 
about 10 hours. The next thermal cycle was started 
when the temperature in the oven had reached 
between 50 °C and 60 °C.

3.3 Storing climates

In terms of storing conditions after high-temper-
ature exposure only specimens were tested which 
were heated only once. The following climates were 
chosen:

“Climate A” was cooling down in the oven and 
immediate testing after having cooled down.

“Climate B” was storing the specimens for 
7 days in 20°C and 65% r.h. after having cooled 

down in the oven. This climate was chosen to simu-
late the residual strength of concrete 7 days after 
fire exposure.

“Climate C” means submerging the concrete for 
5 minutes after having cooled down and storing it 
afterward for 7 days as in climate B. These condi-
tions are supposed to simulated structural concrete 
members which were in contact with forge water.

“Climate D” is the extension of climate B up to 
28 days.

4 RESULTS AND DISCUSSION

4.1 Effects of different cements

In order to characterize the effects of different 
types of cements the compressive strength and the 
flexural strength were compared.

Figure 3 displays the effect of the type of cement 
on the compressive strength at the different tem-
perature levels. The specimens were only subjected 
to one thermal cycle and tested after cooling down. 
The values are normalized using the compressive 
strength of the mixture at room temperature with-
out thermal exposure.

It can be seen that all mixtures show a more or 
less pronounced increase in compressive strength 
after 250 °C. After 500 °C all mixtures loose about 
20% of strength except for the CEM III/A with 
slag sand, which can keep up the strength at room 
temperature. After 900 °C again the mixture 3 con-
taining slag sand performs best. The other mixes 
have lost about 90% of their initial strength.

One possible explanation for the significantly 
better performance of the mixture containing 
CEM III/A and slag sand is that no aggregates 
are used which undergo chemical reactions, such 
as limestone, or mineralogical changes, such as 
quartz. The thermal stability of the slag sand 
seems to be the reason for the good performance. 
One could expect that comparable good results 

Table 1. Overview on the tested concrete mixtures.

mix 1 mix 2 mix 3 mix 4 mix 5

Water [kg/m3] 264 264 265 264 264
CEM I [kg/m3] 512 – – – –
CEM III/A [kg/m3] – 512 512 – –
CEM II/A-LL [kg/m3] – – – 512 512
quartz sand [kg/m3] 1468 1461 – 1461 1371
limestone powder [kg/m3] – – – – 100
slag sand [kg/m3] – – 1373 – –

w/c-ratio [–] 0.52 0.52 0.52 0.52 0.52
Initial compressive

strength [MPa]
44.0 33.8 32.9 33.1 35.7

Density (fresh) [kg/dm3] 2246 2238 2150 2238 2249
Figure 3. Effect of different types of cement on the 
residual compressive strength after one thermal cycle.
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could be determined if  basalt aggregates were used 
instead of slag sand.

The mixtures containing CEM I and CEM III/A 
but quarzitic aggregates show a nearly similar per-
formance which indicates that the type of aggregate 
seems to be a dominating factor for the residual 
strengths.

These results have also got to be compread to the 
values given in literature and which are displayed 
in Figure 2 for the EN 1994-1-2 as well as Hertz 
(2005). Both postulate a decrease in compressive 
strength from 100 °C onwards. The increases in 
compressive strengths at temperatures up to about 
250 °C are not covered. Neither in terms of hot 
compressive strength nor in terms of residual com-
pressive strength. At a level of 500 °C EN 1994-1-2 
and Hertz mention about 55% and 30% respectively 
for the residual compressive strength. In this study 
significantly higher residual compressive strengths 
were found. On the average after exposure to 
500 °C the residual compressive strength was about 
80% of the strength at room temperature. For the 
temperature level of 900 °C in this study about 6% 
to 20% were found. EN 1994-1-2 and Hertz men-
tion 10% and about 0% respectively.

In terms of the flexural strength most of the 
characteristics mentioned for the compressive 
strength apply as well. Exceptions are that after an 
exposure to 250°C only the CEM III/A with slag 
sand can increase its strength compared to the cold 
flexural strength. The other mixtures loose about 
20% of their initial strength.

4.2 Effect of thermal cycles

In the following Figure 5 the effect of thermal 
cycles on the mixture containing CEM I and 
quartz aggregate is displayed. It can be seen that 
after temperatures up to 250 °C the residual com-
pressive strength remains nearly on the level of the 
strength at room temperature. After cycles up to 

500 °C the residual compressive strength decreases 
to about 65% and further decreases to about 5% 
if  the thermal cycles are up to a temperature of 
900 °C. It can additionally be seen that there seems 
to be no further deterioration of the concrete 
matrix if  the number of cycles is increased. The 
loss in compressive strength seems to depend only 
on the maximum temperature level and not on 
the number of thermal cycles. Comparable results 
were found by Wellenberg (2010) and Lenz (2011) 
for normal strength concrete and high-strength 
concrete respectively.

These remarks are also applicable to the mix-
ture containing CEM III/A and slag sand, with 
one exception: The loss in strength is considerably 
lower if  slag sand is used as aggregate instead of 
quartz sand. Even after about 24 thermal cycles the 
residual compressive strength is comparable to the 
initial compressive strength at room temperature. 
These results are in accordance with the explana-
tions given for residual compressive strength after 
one thermal cycle.

Figure 4. Effect of different types of cement on the 
residual flexural strengths after one thermal cycle.

Figure 5. Effect of thermal cycles on the compres-
sive strength on the mixture CEM I + quartz (reference 
mixture).

Figure 6. Effect of thermal cycles on the compressive 
strength on the mixture CEM III/A + slag sand.
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Shown in the following Figure 7 is the develop-
ment of the stress-strain behavior is comparable to 
many other investigations. In Figure 7 the stress 
was normalized using the compressive strength of 
the specimens tested at room temperature with-
out thermal exposure. In accordance with the 
above mentioned, deterioration seems to primarily 
depend on the maximum temperature and not on 
thermal cycles, the stress-strain relations only dif-
fer slightly after several thermal cycles on one tem-
perature level.

4.3 Effects of different storing climates

Interestingly, the effect of different storing cli-
mates after thermal exposure seems to depend on 
the maximum temperature. Not all of these tests 
are finished at the moment. Figure 8 displays the 
residual compressive strengths after different stor-
ing climates normalized using the climate “0 days” 
(immediate testing after one thermal cycle and 
cooling down to room temperature) as reference.

Obviously, any further storing of the specimens 
seems to further reduce the residual compressive 

strength. For the displayed mixtures CEM III/A 
with slag sand as well as CEM II/A-LL and quarzitic 
aggregate the residual compressive strengths reduce 
to roughly 80% on the average. One should bear 
in mind, that the compressive strength at this tem-
perature level was about 140% for the CEM III/A 
with slag sand mix so that the resulting compres-
sive strength after storage is still little above the cold 
compressive strength. For the CEM II/A-LL the 
resulting compressive strength is about 80% of the 
compressive strength at room temperature.

If  the specimens of the mixtures CEM I and 
quartz sand as well as CEM III/A and quartz 
sand are stored in different climates after thermal 
exposure to 900 °C the storage seems to have heal-
ing effects on the concrete structure, resulting in 
increased compressive strengths

In the case of the CEM III/A mixture the com-
pressive strength increases to about 150% to 250%. 
One should bear in mind that on the other hand 
the residual compressive strength of this mixture 
was only about 20% of the compressive strength at 
room temperature.

A sound explanation for this differing behavior 
cannot be given at the moment. Additionally, the 
results of the mixtures containing CEM II/A-LL 
which were heated up to 900 °C will be very inter-
esting, because it can be expected that the strengths 
after storing will be even lower than the strengths 
after thermal exposure due to the formation of 
highly reactive calcium oxide during the heating 
process.

5 SUMMARY

In this experimental study the behavior of differ-
ent concrete/mortar mixtures was studied which 
were subjected to cyclic high-temperatures. The 

Figure 7. Development of stress-strain behavior exem-
plarily for CEM II/A-LL + quartz.

Figure 8. Effect of storing climate after exposure to 
250 °C exemplarily for mixtures CEM III/A + slag sand 
and CEM II/A-LL + quartz.

Figure 9. Effect of storing climate after exposure to 
900 °C exemplarily for mixtures CEM I and quartz and 
CEM III/A + quartz.
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following parameters were changed: type of 
cement, type of aggregate, number of thermal 
cycles, type of storage after thermal exposure.

From the experiments the following conclusions 
can be drawn:

• The residual compressive strength does not dif-
fer significantly from the compressives strength 
at room temperature as long as the maximum 
temperature does not exceed 250 °C.

• The flexural strength decreases even at tempera-
tures of 250 °C.

• At higher temperature levels the mixture con-
taining CEM III/A as cement and slag sand 
as aggregate performs significantly better than 
mixtures containing quazitic aggregates. There-
fore, the type of aggregates plays obviously a 
dominant role.

• Thermal cycles seem not to deteriorate the con-
crete structure further after some initial thermal 
cycles. Thus, the damage in the concrete struc-
ture seems to depend on the maximum tempera-
ture and not on the number of thermal cycles. 
This behaviour could be observed in terms of 
the compressive strength, flexural strength as 
well as development of stress-strain relations.

• Storing the specimens after an exposure to 
250 °C as a maximum seems to decrease the 
residual compressive strength by about 20%. 
The type and duration of the storing does not 
seem to have a significant effect on the strength 
reduction.

• If  the specimens were heatd up to 900 °C stor-
ing the specimens in climate seems to increase 
the residual compressive strength compared to 
an immediate testing after cooling down of the 
specimen.

Concerning the effects of storing in climate the 
tests are not finished yet. Maybe cements blended 
with carbonate will show a different behavior.
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