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PREFACE

Concrete is a global material that underwrites commercial well-being and social development.
Notwithstanding concrete's uniqueness, it faces challenges from new materials, environmental
concerns and economic factors, as well as ever more demanding design requirements. Indeed, the
pressure for change and improvement of performance is relentless and necessary.

The Concrete Technology Unit (CTU) of the University of Dundee organised this Congress to
address these issues, continuing its established series of events, namely, Creating with Concrete
in 1999, Concrete in the Service of Mankind in 1996, Economic and Durable Concrete
Construction Through Excellence in 1993 and Protection of Concrete in 1990.

The event was organised in collaboration with three of the world’s most recognised institutions:
the Institution of Civil Engineers, the American Concrete Institute and the Japan Society of Civil
Engineers. Under the theme of Challenges of Concrete Construction, the Congress consisted of
three Seminars: (i) Composite Materials in Concrete Construction, (ii) Concrete Floors and
Slabs, (iii) Repair, Rejuvenation and Enhancement of Concrete, and three Conferences: (i)
Innovations and Developments in Concrete Materials and Construction, (ii) Sustainable Concrete
Construction, (iii) Concrete for Extreme Conditions. In all, a total of 350 papers were presented
from 58 countries.

The Opening Addresses were given by Mr Jack McConnell MSP, First Minister of the Scottish
Executive, Sir Alan Langlands, Principal and Vice-Chancellor of the University of Dundee, Mr
John Letford, Lord Provost, City of Dundee, Professor Adrian Long, Senior Vice-President of the
Institution of Civil Engineers, Dr Taketo Uomoto, Director of the Japan Society of Civil
Engineers and Dr Terence Holland, President of the American Concrete Institute. The Congress
had six Opening and six Closing Papers dealing with the main themes of the Seminars and
Conferences. Opening Papers were presented by Professor Gerard Van Erp, University of
Southern Queensland, Australia Dr Peter Seidler, Astradur Industrieboden, Germany and
Professor Kyosti Tuttii, Skanska Teknik AB, Sweden, Professor Surendra Shah, Northwestern
University, USA, Dr Philip Nixon, Building Research Establishment, UK and Mr Hans de Vries,
Ministry of Transport, the Netherlands. Closing Papers were presented by Dr Gier Horrigmoe,
NORUT Technology Ltd, Norway, Professor Andrew Beeby, University of Leeds, UK, Professor
Peter Robery, FaberMaunsell, UK, Professor Heiki Kukko, VTT Building and Transport,
Finland, Dr Mette Glavind, Danish Technological Institute, Denmark and Professor Yoshihiro
Masuda, Utsunomiya University, Japan. The Congress was closed by Professor Peter Hewlett,
Chief Executive of the British Board of Agrément, UK.

The support of 23 International Professional Institutions and 32 Sponsoring Organisations was a
major contribution to the success of the Congress. An extensive Trade Fair formed an integral
part of the event. The work of the Congress was an immense undertaking and all of those
involved are gratefully acknowledged, in particular, the members of the Organising Committee
for managing the event from start to finish; members of the International Advisory and National
Technical Committees for advising on the selection and reviewing of papers; the Authors and the
Chairmen of Technical Sessions for their invaluable contributions to the proceedings.

All of the proceedings have been prepared directly from the camera-ready manuscripts submitted
by the authors and editing has been restricted to minor changes where it was considered
absolutely necessary.

Dundee Ravindra K Dhir
September 2002 Chairman, Congress Organising Committee
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INTRODUCTION

Concrete is a unique material in that it can resist extremes of heat, cold, water and load, yet
provide the engineer with an economic solution to the construction of complex buildings and
infrastructure. It has very few weak points and where these exist, eg acid chemical attack, its
composition can be manipulated to provide satisfactory performance.

As the limits of technology expand, so to do the conditions into which structures and
elements must be placed. These include for example, deep water, the conditions to recover
hitherto inaccessible oil reserves and roads, which span deserts. Furthermore concrete has an
important role to play in containing the conditions associated with climate change,
anticipated in the medium to long-term.

Recent events illustrate that concrete must be able to cope with severe blasts and explosive
responses. Indeed, the very future of tall structures may depend on the ability of concrete to
resist occurrences, which even a few years ago would be unthinkable.

The world is developing rapidly and populations are ever growing. As this occurs, the need
for structures for accommodation, business, commerce and education in areas where seismic
activity is commonplace, becomes ever more pressing. It is clearly the duty of the developed
world technologies to facilitate this.

This century will also see increasing demands for energy, both fossil and nuclear and
concrete will play a central role in achieving this. Furthermore, the worlds nuclear generating
facilities are ageing and the need for decommissioning and the nettle of the containment of
toxic and radioactive materials must be grasped. It can also be anticipated that this century
will see concrete become extraterrestrial and thereby enable the further exploration and
understanding of the universe.

The Proceedings of this Conference ‘Concrete for Extreme Conditions’ deals with all of these
subject areas and the issues raised under six clearly defined themes: (i) Chemically and
Physically Aggressive environments, (ii) Marine and Underwater Concrete, (iii) Temperature
and Humidity Effects on concrete, (iv) Design for Accidental Damage, (v) Extreme Loading
Conditions and (vi) Concrete for Specialist Situations. Each theme started with a Keynote
Paper presented by the foremost components in their respective fields. There were a total of
79 papers presented during the International Conference which are compiled into these
Proceedings.

Dundee Ravindra K Dhir
September 2002 Michael J McCarthy
Moray D Newlands
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DURABILITY OF CONCRETE: A MAJOR CONCERN TO
OWNERS OF REINFORCED CONCRETE STRUCTURES

H De Vries
Ministry of Transport
Netherlands

ABSTRACT. As long as we used to build concrete structures some of them suffer from
durability problems. Think about reinforcement corrosion, alkali aggregate reaction,
ettringite formation, frost damage etc. But is it that bad with our structures? As a
representative of an owner of a lot of concrete structures I must say no. First of all, let us be
happy about that fact! But it cannot be denied that there are some problems, most of the time
due to bad workmanship or unknown behaviour of (new) materials. A major concern of an
(future) owner of a concrete structure is how to get a robust and reliable structure in term of
costs, maintenance and repair. The next question is how to specify requirements for these
points in the contract? Can we rely on the existing codes or should we prescribe more
details? Specifications concerning durability in existing codes are on an empirical base. The
conventional building codes give in principle only construction rules. If these rules are
fulfilled, it is assumed that the structure will have an adequate durability. Specifications for
durability in terms of service life or years are not given. Therefore, an update of the design
method and durability related codes are desired. A performance and reliability based service
life (re)design method has been developed for concrete structures in a recent European
Brite/Euram project “DuraCrete”. The framework of this method can however be used for
other structural and building materials. A further advantage is that it is very similar to the
structural design method that is present in most modern structural building codes, like the
Eurocode. The method has been put into practice in The Netherlands for the design of
several large structures for rail and highway infrastructure. This new approach gives an
owner the opportunity the specify his wishes into a contract, while the contractor can ‘play’
with different solutions in order to get to most optimal or cost-effective result. This paper is
based on previous publications [1, 2, 3] on the subject of service life design with the
DuraCrete method.

Keywords: Concrete, Durability, Service life design, Reliability, Performance, Quality
control

Hans de Vries, Project Engineer and material specialist, Tunnelling Department, Ministry of
Transport, Civil Engineering Division, Utrecht, The Netherlands.



2 De Vries

INTRODUCTION

The design and construction of several bored tunnels in the Netherlands was a major reason
to set additional requirements with respect to durability. The enormous investment of tax
money should be acceptable only if the service life of these tunnels was guaranteed for a
certain long period. With this aspect in mind it was clear that the requirements in the existing
codes were not sufficient. Therefore the use of another method for durability design was
necessary. This performance based method has been developed in the European research
project DuraCrete and was put into practice in two projects. First in a highway tunnel — the
Western Scheldt Tunnel — containing two 6.6 km long bored tubes with two traffic lanes in
each tube. Second in a high speed railway tunnel — the Green Heart Tunnel — with one 8.6
km long single tube for two tracks.

Lack of durability can cause serious safety and serviceability problems for structures.
Despite this, designers pay considerably more attention to load and resistance based structural
design than to durability design. Recent history however has shown that due to a lack of
durability, various types of damages and in some cases, even collapses can occur with
tremendous overall costs for repair.

HISTORICAL OVERVIEW OF SERVICE LIFE DESIGN

The present design approach, with respect to durability of concrete structures, is based on a
reasonable understanding of the main degradation processes for concrete, reinforcement and
pre-stressed steel. The design is however not explicitly formulated in terms of service life. It
is based on deem-to-satisfy rules like for example minimum cover, maximum water/binder
ratio and crack width limitation. If these rules are met, it is assumed that the structure will
achieve an acceptably long but unspecified life. In general a service life of at least 50 year is
expected when the existing codes are used.

The information about the service life to be achieved is to a large extent empirically:
Improving the durability results in increasing building costs without any quantification of the
reduction of maintenance costs or failure costs. Current design methods only permit to
calculate the whole life cycle costs from assumptions with respect to maintenance and failure
rates. There are thus no objective means for demonstrating that future maintenance and
repair costs will be acceptably low. This common design approach to durability has other
disadvantages. The rules are inadequate in some aggressive environments, while they are too
rigorous in other environments. In some cases, this results in a 'belts and braces' approach
(many different types of measures on top of each other) which may contain unnecessary and
even counteractive measures.

For large infrastructures the requirements with respect to durability are in general, more
stringent than the codes. Some examples of storm surge barriers in the Netherlands can
demonstrate this:

e For the Haringvlietsluizen (1965) the requirements were based on the experts opinions at
that time. The concrete cover was raised to 70 mm, the water/cement ratio was restricted
to 0.45 and blast furnace slag cement was used as binder.
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e For the Eastern Scheldt Barrier (1985), the durability requirements were for the first time
expressed in terms of time. A service life of 200 years was required. For the concrete
cover, this was not feasible. A mean service life of about 85 years was therefore accepted.
After that period, the concrete cover will be replaced.

e For the Maeslandtkering (1995) a service life of 100 year was specfied. The concrete
cover of this barrier was been enlarged with a factor V100/50 = V2.

In none of these designs a proper approach for predicting the service life was applied.

In the last decades much effort has been put into the development of models and methods for
predicting deterioration of concrete structures. A number of methods have matured to a level
where these can be used in a formalised approach to assess and design concrete structures
with respect to destructive mechanisms.

Recent Developments

Past decades have taught us that the classical procedures for design, construction and use of
concrete structures often have failed to provide reliable, long-term performance.
Deterioration processes, in particular corrosion of reinforcement, frost action, alkali
aggregate reactions and sulphate attack have caused serious damage to concrete structures.
To improve this situation a new concept for durability design needs to be established. Similar
to the current procedures for structural design, a design for durability should be performance
based taking into account the probabilistic nature of the environmental aggressiveness, the
degradation processes and the material properties involved.

In order to quantify the durability the concept of a service life design has been introduced. In
this respect the performance requirements for a service life design as stated in the CEB-FIP
Model Code 1990 [5] has been adopted: Concrete structures shall be designed, constructed
and operated in such a way that, under the expected environmental influences, they maintain
their safety, serviceability and acceptable appearance during an explicit or implicit period of
time without requiring unforeseen high costs for maintenance and repair.

Such a rational design for durability, however, requires both an overall methodology and
calculation models for the actual degradation processes of concrete structures. Similar to the
structural design code for loads, safety requirements and limit states must be defined for the
design service life. Controlling the durability of concrete structures will be a fundamental
challenge for the engineer in the next years!

The DuraCrete Project

The new durability design methodology should be able to document the efficiency of the
materials to resist the aggressiveness of typical environments. The structural designer will,
therefore, be able to document the fulfilment of a specific limit state. For the designer
deterioration models are valuable tools, showing the degradation over time, or showing the
service life as a function of appropriate design parameters. With the aid of this methodology
for service life design, the designer can make decisions on the required dimensions and
material specifications for structures.
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One consequence of the requirements to service life design is that structural engineers and
designers need to be educated in the durability aspects of various materials as well as in the
structural layout, the effect of workmanship on the in situ qualities, and the interaction
between structure and environment. To make this possible the design engineer will need a
new design guide to assist him in making a proper service life design, not only for new
structures but also for the redesign of existing concrete structures. A first edition of such a
guide [6] has been developed in the project ‘DuraCrete’.

FRAMEWORK FOR PERFORMANCE BASED SERVICE LIFE DESIGN
The design strategy is to select an optimal material composition, construction method and
structural detailing for a reliable performance with respect to safety and resistance against
degradation for a specified service life.
Structural Design
In modern codes, like the Eurocode, the basis of the conventional design procedure for the
safety and the serviceability of structures is expressed as a limit state function. This limit

state defines the border between an adverse state (such as collapse, buckling, deflection, and
vibration) and the desired state. The limit state can in principle be formulated as:

R -S=R(Xi, X2, ..., Xn) - S(Xn+1, Xn+25 +es Xm) =0 (1)

In which: R - a function that describes the load bearing capacity of the structure
S - afunction that describes the influence of the load on the structure
Xi - abasic variable for the functions R or S.

The structural design procedure is worked out in such a way that the failure probability is
restricted:

P{failure} = Py = P{R - S < 0} < Pygrger= D(-B) @)

In which: P{failure} - the probability of failure of the structure

1- Py - the reliability of the structure

Prarget - the accepted maximum value of the failure probability
D - standard normal distribution function

B - reliability index (this parameter is normally used in codes)

With the aid of probabilistic techniques this failure probability can be calculated. In practice
the design has however been simplified to a semi-probabilistic level with characteristic values
and partial factors vy, those are calibrated in such a way that the target reliability will be
achieved:

Rc/YR'Sc-Yssz‘Sd>O 3)

In which: Rc - load-bearing capacity of the structure based on characteristic values
Yr - material factor
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Sc - characteristic value of the influence of the loading
vs - load factor.

Rd - design value of the load bearing capacity

Sd - design value of the load.

Time Dependent Design

In the structural design both the resistance R and the load S are considered to be time
indepenent. However, the load can vary with time or the capacity can change in time due to
degradation. Relationship (1) should than be rewritten as a time dependent limit state
function [6], that takes such effects into consideration:

R(®)-S()>0 (G

Relationship (4) applies for all values of t in the time interval (0,T). T is the intended service
period (i.e. reference period). From a mathematical point of view it can be stated that
relationship (4) can be used for service life design. The service life concept can be expressed
in a design formula, equivalent to relationship (2):

1)l]'l' = P{R -S< O}I < Pmrgcl= (1)(-[3) (5)

In which: Pyt - the probability of failure of the structure within T
T - intended service period.

Probably it will be possible to simplify in a later stage relationship (5) to a similar one as for
the conventional structural design procedure (3).

The mathematical model for describing the event ‘failure’, i.e. passing a durability limit state,

comprises a load variable S and a resistance variable R, see Figure 1. Failure occurs if the
resistance is smaller than the load.

Distrioution of R(t) ____.—-—"

_____
-
——

RS

-
-
-

-
-
______

----- Distribution of S(t)
Mean service life Tin?e"'\..

N

Failure probability g
Pt
Target service life o o
Service life distribution

Figure 1 Failure probability and target service life (illustrative presentation)
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Design for Service Life
The methodology for service life design will be based upon:

- realistic and sufficiently accurate definitions of loads and environmental actions with
respect to the type of degradation.

- material parameters for concrete and reinforcement.

- mathematical models for degradation processes.

- performances expressed as limit states.

- reliability.

The essential items in the methodology have been copied from the structural design [7]:

- performances are related to limit states.
- reference period is similar to the design service life.
- the reliability index is used to reduce the failure probability.

The new items in the approach are the introduction of environmental actions and models
describing the degradation of the concrete and the reinforcement.

The limit states that have been defined in the structural codes, are the serviceability limit state
(SLS) and the ultimate limit state (ULS). If a SLS is exceeded, the functioning of the
structure is restricted. This is the case for example if the deflection of a beam is more than 20
mm. If an ULS is exceeded, it implies that the structure has collapsed, fractured, turned over
etc.

The limit states of the structural codes may be extended with other limit states. For example
the water tightness of a tunnel can be expressed as a SLS (the amount of leakage water
hinders the traffic in the tunnel) or as an ULS (the amount of leakage water is so high that the
tunnel floods). Also new types of limit states may be introduced. For example the limit state
to reduce the amount of repair. In case of possible corrosion of the reinforcement, the
probability that repair is necessary can be reduced by requiring that no corrosion occurs.

Probability density

e N —-—__ Service life
Lg Mean 1

Figure 2 Example of a probability density function for the service life
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In Figure 2, an example of a service life distribution is given. The main parameters in such a
distribution are the mean value p (magnitude parameter) and the standard deviation o
(parameter for the scatter). Instead of the standard deviation, we can also use the variation
coefficient V = o/p. By means of the reliability index B, the probability that the service life is
lower than the design service life Lq is identified. The margin Bo can be regarded as a safety
margin between the design service life and the mean service life.

For every performance a unique service life distribution function is connected, depending on
the geometry of the structure, the material properties, the mechanical loads and the
environmental actions. This implies that for every relevant performance the distribution
function has to be established, and that the design service life as well as the reliability index
must be defined.

In Table 1 some values for the reliability index B and the corresponding approximate failure
probabilities are given (European Code EC 1 and Dutch Building Code NEN 6700). These
codes refer in the first place to structural aspects. The reliability indexes can however also be
used if lack of durability leads to an event that leads to an unacceptably loss of serviceability
or to a loss of structural safety.

If failure leads only to economical consequences, serviceability limit states (SLS) are applied,
e.g. onset of corrosion. If failure leads to a severe consequence, e.g. total loss of the structure
or victims, ultimate limit states (ULS) are applied. The owner or investor may define other
reliability indexes in order to reduce repair costs, ensuring the structural appearance, etc.

Table 1 Examples of some reliability indexes in structural codes

RELIABILITY INDEX B FOR 100 APPROXIMATE FAILURE
TYPE OF YEAR SERVICE LIFE DESIGN PROBABILITY
PERFORMANCE ' EyroCode  Dutch Building Code Per Year Within 100 years
EC 1 NEN 6700
ULS 3.8 3.6 10° 10
SLS 1.5 1.8 107 107

Before making a probabilistic calculation, it seems illustrative to give an example to show the
consequences of these reliability indexes.

In Figure 3, the consequences of the reliability indexes from the Dutch Building Code are
given in a service life distribution for the ULS. In this example, it has been assumed that the
service life distribution is lognormal with a variation coefficient of 30 % (c =0.3 n). These
assumptions are more or less realistic for this kind of durability problems. To illustrate the
effect of the value for the design service life, the figures are given for 50 years and 100 years.
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Figure 3 Example of a service life distribution for the ULS ( = 3.6) for a design
period of 50 year and for a design period of 100 year

In Table 2 this has been quantified and extended also to the SLS. The reliability index for the
ULS has been taken as 3.6 and for the SLS as 1.8. The margin y, depends on the type of
distribution and the variation coefficient.

Table 2 Mean service life and margins y;, for design service of 50 years and 100 years

TYPE OF PERFORMANCE  DESIGN LIFE 50 YEARS DESIGN LIFE 100 YEARS
Acc. Dutch Building Decree  Mean service  Marginy, ~ Mean service Margin v,
NEN 6700 life life
SLS: B=138 89 1.8 177 1.8
ULS: pB=3.6 150 3.0 300 3.0
SERVICE LIFE DESIGN

The first step of this design is the definition of the desired/required performance of the
structure. The client or the owner of the structure is asked to define his requirements for
quality and target service life. Further requirements can be given in building codes. The
definition of performance criteria will be related to a limit state criterion. Figure 4 shows an
example of the performance (by means of a damage progress function) of a concrete structure
with respect to reinforcement corrosion and related limit states. This example is taken from
[3] where a description is given of the Western Scheldt Tunnel in The Netherlands, being the
first concrete structure designed according to this service life design. In general
depassivation and cracking represent serviceability limit states related to durability. Spalling
and collapse represent ultimate limit states, where spalling relates to both durability and
safety.
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Figure 4 Determination of service life and limit states with respect
to reinforcement corrosion

Degradation Models

The second step of the durability design is to analyse the environmental actions and to
identify the relevant degradation mechanisms. Mathematical models must describe the time
dependent degradation processes and the material resistance against it. The big step forward
is that these models enable the designer to evaluate the time-related changes in materials and
structures depending on the specific material and environmental conditions.

The different models used for this durability design consist of design parameters such as
structural dimensions, environmental parameters and material properties that correspond to
the load and resistance variables of the structural design procedure. Models are available for
degradation processes due to carbonation and chloride ingress.

DURABILITY OF CONCRETE SEGMENTS FOR A BORED TUNNEL

This example is based on the Western Scheldt Tunnel in the Netherlands. This tunnel
consists of two bored tubes with a diameter of 11.30 metre. The length of each tube is 6.6
kilometres. The tunnel has for safety and maintenance cross-links each 250 metres. The
construction of the bored section of the tunnel was finalised early this year. The greatest
depth of the tunnel is 63 metres below sea level. The required service life is 100 year. The
total cost of the project, including connecting roads is about 0.75 billion US dollars.

This example is restricted to the design of a tunnel lining for a bored tunnel. It will be clear
that in reality the whole tunnel design must be based on the service life concept. The
example deals with the ingress of chlorides into the lining of a bored tunnel on the inside of
the tunnel. The chlorides may originate from leakage of salt-laden ground water or from de-
icing salts.
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Onset of corrosion (depassivation) will be considered as serviceability limit state. When
corrosion has started, maintenance is much more complicated to perform and therefore is
considered to be much more expensive than for a structure without already started corrosion
activity. Consequently there is an economic risk present. From this point of view the onset
of corrosion is a serviceability limit state (SLS). According to the requirements of the Dutch
Building Code the reliability index should be 1.8 or higher. The ultimate limit state, for
instance flooding of collapse of the tunnel, is not taken into account in this example.

Taking the example of onset of chloride induced corrosion the durability inputs are as
follows:

- The limit state is given by the requirement that the chloride concentration at the surface of
the reinforcement may not reach the critical chloride concentration.

- The resistance R is given by the critical chloride concentration and the quality and
thickness of the concrete cover.

- The load S is represented by the actual chloride concentration at the reinforcement level.
This depends on material parameters (chloride diffusion coefficient) and environmental
effects.

In the case of chloride induced corrosion the following model describing the initiation of
corrosion has been identified:

X()=2-k- J Dyeaso ke -k, t(%) ©)

In which: x(t)= required concrete cover

v

C,
k=erf™ [1 - C—"] where : C,, = critical chloride concentration

o8

C, = chloride surface concentration

t n
D = Dy, 0k‘,kc(—o) = chloride diffusion coefficient
o !

A full probabilistic calculation is made using relationship (6) for chloride penetration. The
input parameters are quantified in table 3. These parameters are typical for the concrete and
the environment used in this example. In other cases they could be totally different.

With the arranged data from Table 3, it is now possible to calculate the reliability. The
required statistical calculation was carried out with the software package STRUREL. The
result of the evaluation is shown in Figure 5. A more detailed description of this calculation
is presented in [3].
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The environmental factor k. (accounting for the actual environmental class), the curing factor
ke (accounting for the actual curing period) and the age factor n (accounting for the desired
service life t) are neutral factors, i.e. neither load nor resistance factors. These factors are
used to determine the actual, effective chloride diffusion coefficient. These factors correct
the compliance value Dgrcmp that is determined with the Rapid Chloride Migration (RCM)
test on concrete specimens under laboratory conditions [8,9].

Table 3 List of stochastic variables influencing the duration of the initiation period

PARAMETER DIMENSION n G DISTRIBUTION
X¢ — Concrete cover [mm)] 37 2 Exponential.
Dremo — CI” migration coeffi. [lO"zmz/s] 4.75 0.71 Normal
CCrit - Critical chloride content [wt.-%/binder] 0.70 0.10 Normal
n — Age exponent [-] 0.60 0.07 Normal
ke — Test factor [-] 0.85 0.20 Normal
ke — Environmental factor [-] 1.00 0.10 Normal
K. — Execution factor [-] 1.00 0.10 Normal
Cgn — Surface concentration [wt.-%/binder] 4.00 0.50 Normal Distr.
To  — Reference time [year] 0.0767 - Deterministic

Figure 5 shows the decrease of the reliability index P over time. The obtained reliability
index is PBsis = 1.50 after 100 year. This value is lower than the minimum required value
Bsis = 1.8. Additional measures had to be taken into account to improve the design. Options
could be a higher concrete cover, applying a surface coating, use of stainless steel or cathodic
protection. In this case the application of a hydrophobic coating on those parts with a cover
less than 50 mm was chosen.

3.60

3.00 1

2.40

1.0
1.50 a1

1.20

.60

RELIABILITY INDEX B[-]

20 30 40 50 (1] 70 30 L1 100
TIME OF EXPOSURE IN, a

Figure 5 Reliability index versus time of exposure (SLS: Onset of Corrosion)
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'This example shows that, with the tested material and the chosen concrete cover, one can
achieve a durable structure concerning chloride induced steel corrosion with the minimum
required safety according to the defined serviceability limit state ‘Onset of Corrosion’.

QUALITY CONTROL AND RELIABILITY

The knowledge about the structural and material characteristics of a structure is uncertain due
to the variations in structural layout, material properties, execution and environmental input.
These variations influence the results of the calculations with the selected degradation
models. This uncertainty is taken into account in the probability density functions of the
basic variables, including their parameters like the mean value and the standard deviation.
This means that during construction and use of the structure, measures must be taken to
guarantee that the uncertainties are not exceeded.

Testing and quality control is therefore important at several stages during the life of a
structure. The real performance of the structure has to be checked by quality control of the
material properties and geometrical and execution variables. The aim is to define and to
update the statistical quantities (type of distribution, mean value, standard deviation) of these
affected stochastic variables.

Quality control

If a high degree of quality control can be documented and quantified it serves as a basis for
documenting service live. In this way the updating of the statistical quantities by reducing
the coefficient of variation will result in the possibility to consider lower partial factors. The
combincd set of problems to be considered can be summarised as follows:

- The actual information on the aggressiveness of the environment, the characteristics of
the materials in the structure, and the structure-environment interaction, is uncertain.

- The degree of uncertainty depends on the type and direct relevance of the available data
on the above variables.

- The reliability of the available information is different depending on the stage being
considered, such as the design stage, the construction stage, the handing over stage, and
the period of use.

- From a durability design point of view this means that design input data with different
levels of reliability must be used at the different stages.

Compliance Tests

Compliance tests are meant to measure in the laboratory the potential quality of the defined
concrete composition (type of binder, binder content, and water-cement ratio) under
standardised conditions. By means of this the quality of the concrete can be checked against
the design requirements.

Quality control (QC) in the sense of a service life design is mainly to control the variation of
the material parameters and the geometrical variables at the different stages of the
construction process. For concrete the quality control can be based on cement or concrete
properties on basis of compliance tests to measure the relevant quality of the cement or the
concrete under standardised conditions.
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The test results may serve as input for the designer in the design situation. The concrete
producer can classify the potential material resistance against degradation, measuring for
example the following quality controlled material parameters:

. Carbonation: carbonation penetration coefficient Degt

. Chloride ingress: chloride diffusion coefficient, Dremyo

- Corrosion resistance: electrical resistivity, p,.

In the DuraCrete project is, for example, a compliance test introduced for the chloride
diffusion coefficient. The test is named Rapid Chloride Migration Test (RCM-test). This test
has been developed at Chalmers University in Sweden [8, 9]. The test set-up is given in
Figure 6.

+
Potential
(DC)
a
c
d f
e — g
[’ h

a: rubber sleeve e: solution of 3-10 % NaCl in 0,2 M KOH
b: solution of 0,2 M KOH f: cathode (stainless steel)

c: anode (stainless steel ) g: plastic support

d: concrete specimen h: container

Figure 6 Test set-up for the RCM-test

Beyond the compliance testing, the quality level achieved in the laboratory should be reached
on the construction site as well, since the quality of the built-in material determines the
service life of the construction. The continuous examination of the material variable D¢
cannot be undertaken on the construction site without significant effort, because for the
construction site this method is too complicated to perform. Research at the Technical
University of Aachen (ibac) has shown [10] a good correlation between the chloride
migration coefficient Drem g and the electrolytic resistivity of concrete pwero (see Figure 7)
undertaken with the so-called WENNER-probe. How to execute the WENNER method is
described in detail in [11]. Considering this aspect, the material resistance towards a chloride
penetration can be verified indirectly on the construction site by an examination of
electrolytic resistivity of the concrete.
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Finally, verification tests are needed to determine the actual quality of the concrete in the
structure in service. The actual resistance of the concrete to premature degradation is
influenced by execution (compaction, curing) and micro environment.

Another important issue is the measurement of the actual concrete cover (X.) during
construction. Obvious it should be clear that the measured performance of x, is equal to the
required performance of x.

Similar to the classification system used in structural design (for example the concrete
strength classes) the durability design can be based on durability classes of concrete which
corresponds to specified values (characteristic values) with regard to the carbonation rate, the
chloride diffusion coefficient and the electric resistivity.
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Figure 7 Relationship between Drem o and pwer.o

CONCLUDING REMARKS

The existing codes are not sufficient for specifying service life in terms of performance and
reliability. A performance based service life design requires limit states, a reference period
and degradation models. These items are not included in the codes nowadays. But
developments are ongoing.

The DuraCrete service life design method is based on the same principles and framework as
the performance based structural design. It is based on terms as performances, limit states,
reliability and reference period or design service life. It may be expected that this approach
will be the general basis for service life design of concrete structures in the future.

The service life design method comprises a system of compliance test methods and in situ
testing methods that are the bases for the quality control process. To give the service life
design method a firmer basis for application in practice it will be necessary that the design
method and testing methods is standardised.
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Further development of the design method and practical experience are a sound base for
improving codes, measurements, testing and standardisation related to durability and
maintenance. Defining the limit states, degradations, environmental conditions and gaining
experience with relevant testing are things to be done now and in the near future. This work
will be the basis of a situation in which the new design approach is well accepted and can be
used in common practice.

The design method gives an (future) owner of a structure the opportunity to incorporate
specific requirements with respect to durability in the contract. On the other side of the
contract, the contractor has tools within range to control durability during design and
construction.  This combination gives a strong basis for mutual understanding and
confidence. At the end a structure has been build that meets the expectations of the owner.
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ABSTRACT. The rate of localized corrosion of steel in concrete depends on various
concrete and environmental parameters. The concrete humidity, the temperature and the ratio
of anode to cathode areas are of primary importance. This paper presents the numerical
modelling of corrosion in reinforced concrete performed by means of commercial software
for boundary element method analysis. With the numerical simulation, it is possible to
calculate the potential and the current density in every point of the electrolyte boundary. The
results of the simulation can be used to study the influence of different parameters on the
corrosion rate by varying the input data or the geometry of the system. It is also possible to
predict corrosion rates. The influences of the environment, as well as changes in temperature
and humidity can be taken into consideration by selecting the appropriate conductivity values
and polarisation curves.

The measurement of polarisation curves in mortar and concrete and the electrolytic resistivity
as the basic input data for the numerical simulation is described. The results of the numerical
simulation are compared with experimental data measured within a large reinforced concrete
element.
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INTRODUCTION

The corrosion of reinforcing steel bars in concrete has caused serious damage to a vast
number of concrete structures. The reinforcing steel is embedded in the concrete which
initially provides an alkaline environment. Under these conditions the steel is protected by
surface passivation and metal dissolution takes place at an extremely low rate. However,
depassivation of the steel surface can take place due to chloride ingress from deicing salts or
sea water. While chloride induced corrosion is of principal interest here, it should be noted
that as a result of exposure to atmospheric carbon dioxide, concrete carbonation reactions
leading to corrosion are also possible.

Chloride induced corrosion is characterised by a localized depassivation of the reinforcement.
The coexistence of small corroding (active) steel areas and large passive steel areas form a
short-circuited galvanic element with a high corrosion rate of the active area. This leads to a
loss in cross section at the active areas of the reinforcing steel bars. Galvanic corrosion takes
place as a result of electrical contact of two pieces of metals with different steady state
potentials E.q in an ion conducting corrosive environment. The more noble metal is acting
as a cathode where an oxidising species is reduced, the more active metal is acting as the
anode of the galvanic couple. The driving force for galvanic corrosion is the difference in
potential U, between the anodic and cathodic sites. The electrochemical interaction between
arcas of steel with different steady state potentials can be explained graphically by
superposing the polarisation curves for the individual anodic and cathodic components of the
macro corrosion cell on the same graph [1]. For the simple case of a two component
galvanic cell, this situation can be shown in an Evans diagram (Figure 1).
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Figure 1 Evans diagram
Nomenclature:
Lgal galvanic current
Uopc driving voltage

Ecorra anodic steady state corrosion potential
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Ecorrc cathodic steady state corrosion potential
Egaa potential of the anodic steel area

Egalc potential of the cathodic steel area

Reeln macrocell resistance

U, anodic polarisation

Ue cathodic polarisation

Reon concrete resistance (electrolyte)

The potential difference Uoc can be divided into three parts: the potential drop on the anodic
steel surface U,, the potential drop on the cathodic steel surface U, and the potential drop in
the electrolyte Igy * Reon. For galvanic cells in concrete the potential drop in the concrete
(electrolyte) may have a large value. In this case the galvanic current is controlled by the
electrolyte resistance.

Most macro cells however are more complex as they usually involve a multicomponent
macro cell [2]. The resulting galvanic interaction between the reinforcement bars can then be
studied only by a numerical analysis which takes into account the electrochemical behaviour
of the steel bars and the distribution of concrete resistivity as well as the spatial arrangement
of the steel within the structural element.

Numerical modelling of macro cell corrosion has recently received considerable attention for
its potential applications in predicting corrosion rates of steel in concrete. Numerical
methods can be used to obtain current distributions for geometrically complex corrosion
cells. Accurate results from numerical modelling are obtained, if the input data for the
mathematical models are representing the electrochemical reactions taking place in real
concrete structures. In the past, finite difference, finite element and boundary element
methods have been applied to reinforcing steel corrosion and related problems [3-7]. The
boundary element method (BEM) is an important technique in the computational solution of
a number of scientific or engineering problems. In common with the better-known finite
element method and finite difference method, the boundary element method is essentially a
method for solving partial differential equations.

The boundary element method has the important advantage that only the boundary, the
domain of interest, requires discretisation by elements. Hence the computational advantages
of the BEM over other methods can be considerable.

EXPERIMENTAL

Cathodic polarisation curves

The cathodic reaction Kinetics of embedded steel in mortar and concrete, were studied with
potentiodynamic polarisation measurements. The mortar and concrete samples were cured
for 7 days in the formwork at 80% relative humidity and subsequently exposed to different
relative humidities. For all the specimens the mixture given in Table 1 was used.

Common reinforcement steel was used for the investigations. The chemical composition is
given in Table 2. Before embedding the steel bars were degreased with ethanol.
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Table I Mortar and concrete mix (w/c 0.5)

MORTAR CONCRETE

Water 226 170
Cement CEM 1 42.5 453 340
Sand 0-1 mm 793 465
Sand 1-4 mm 793 465
Sand 4-8 mm - 390.6
Sand 8-16 mm - 539.4

Table 2 Chemical composition of mild steel

C Si Mn P S Cr Mo Ni Al Cu Nb

0.15 0.17 0.59 0.012 0.043 0.09 0.02 0.12 .002 0.45 .001

The measurement of the cathodic polarisation curves was performed with cylindrical mortar
and concrete samples (Figure 2). The steel sample was mounted in the centre. The counter
electrode consisted of a stainless steel grid. A gold plated brass wire was positioned on the
steel surface serving as reference electrode. The reference electrode was calibrated against a

saturated calomel electrode (SCE).

“ A
|
B B ‘

—— - Reference electrode
" gold plated brass
sl N 20

{1
LY
| Reference electrode
E gold plated brass Steel ¢ 10 mm
w o
= I‘/ Counter electrode
o g |k —_ stainless steel mesh 10 x 10 mm
@ NEpoy
(=] \
AN Counter electrode
stainless steel mesh 10 x 10 mm

PVC

Figure 2 Specimen for cathodic polarisation measurement
The dimensions are specified in Table 2
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Table 3 Dimensions of mortar and concrete specimens

MORTAR CONCRETE

A 42 mm 170 mm
B 6 mm 35 mm
C 100 mm 125 mm
D 25 mm 25 mm
E 65 mm 65 mm
F 10 mm 35 mm

The mortar and concrete samples were exposed to the relative humidities of 45, 66, 76, and
93 %. All the potentiodynamic measurements started at the open circuit potential with a scan
rate of 1 mV/s. The reported potentials are always in respect to a saturated calomel electrode
and the ohmic potential drop has been corrected. The measurement was repeated every
month in order to study time dependence. The weight of the specimens was also recorded for
verifying if equilibrium of humidity had been reached.

Corrosion Current Measurement

A three dimensional macro cell arrangement was prepared. A small steel bar (@10mm, length
20mm) was embedded in mortar containing sodium chloride (3% of cement weight). For the
adjacent steel bars a stainless steel (DIN 1.4301) was used to prevent activation of these steel
sections. The steel bars were heated for 10 minutes up to 700°C. This treatment forms a
passive film that has similar electrochemical properties as mild steel [8]. Figure 3 shows the
anodic part of the macro cell with the wires for making electrical contact.

wire | .y ! P /—epoxy-glass resin
77777 :

B R s Ui
j 3 | |/
epory R '.,.;Lmndsiea }Lsteel DIN 14301

mortar with chlorids

Figure 3 Sketch of activated steel area

A schematic drawing of the whole macro cell is given in Figure 4. The steel bars had a
length of 960 mm. Each bar was electrically isolated and had a wire to connect it to the
measuring instrument. This made it possible to change the cathodic steel area by
disconnecting the steel bars. The galvanic current was measured with a zero resistance
ammeter and recorded on a personal computer. Measurements were taken after 1 month
exposure to 45% relative humidity. Before and after the current measurements the concrete
resistance between the upper two steel layers and the lower two steel layers was measured
with a LCR meter at 1 kHz.
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Figure 4 Three-dimensional macro cell for corrosion current measurement [mm]

RESULTS
Cathodic Polarisation Curves

Figure 5 shows the measured cathodic polarisation curves of the mortar specimens that were
exposed to different relative humidities for six months. During the measurements the
concrete resistance between the counter electrode and the embedded steel was measured.
From the measured resistance the specific concrete resistance was calculated with the values
obtained from a calibration of the specimen geometry. The curves show a clear dependence
of concrete resistance on the cathode kinetics. The sample exposed to 93% relative humidity
has a different behaviour for over-potentials up to 500 mV. Even though the concrete
resistance is smaller the current density is lower than at the curves measured at 76 and 66%.
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Figure 5 Cathodic polarisation curves of mild steel in mortar after six months
storage in different relative humidity
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For large over-potentials the increase of oxygen reduction current densities levels out versus
a limiting current. Compared to investigations in synthetic pore solution [9] a clearly limiting
current was not found. This levelling out at large over-potentials can not be explained solely
by oxygen diffusion processes since it was also observed in very dry conditions. Figure 6
shows the cathodic polarisation curves of the specimen exposed to 45 % relative humidity.
With increasing curing time the polarisation curve decreases and the concrete resistance rises.
After six months, equilibrium of concrete humidity has still not been reached.
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Figure 6 Cathodic polarisation curve of mild steel in mortar exposed

To 45 % relative humidity
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Figure 7 shows the cathodic polarisation curves of concrete and mortar measured after having
been exposed to 45% relative humidity for one month. Because of different cover depths of
the embedded steel the curves can only be compared qualitatively. The mortar specimen
dries faster than the concrete specimen and the conditions on the steel surface might not be
the same. However, the polarisation curves do not show a significant difference and for
general considerations cathodic kinetics of steel in concrete and mortar need not to be strictly
distinguished.

100
-E~ mortar

‘9\\ —©- concrete

I

T

T T T

CURRENT DENSITY [pA/em?]

T T T

0.1

1 T T I T 1
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Figure 7 Comparison of cathodic polarisation curves of mild steel measured in mortar and
concrete after one month of exposure to 45% relative humidity

Macrocell Current

The galvanic current measured between anode and cathode of the concrete element (Figure 4)
is shown in Figure 8. First the total macrocell was measured. In a next step the bars in the
layer furthermost of the anode were separated from the anode. Then the next layer was
disconnected. Table 4 shows the corresponding cathodes and the ratio of cathode to anode
area for the numbers in Figure 8. At the end of the measurement the total macro cell was
measured once again.

Table 4 Arrangement of contacted cathodic areas

NUMBER CATHODE AdAq
1 4 layers 1823
2 3 layers 1391
3 2 layers 911
4 1 layer all bars 431
5 1 layer 7 bars 335
6 1 layer 5 bars 239
7 1 layer 3 bars 143
8 1 layer 1 bar 47
9 1 layer 1 bar 600 mm length 30
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The galvanic current decreases with decreasing cathode area. In addition to this effect a
decrease of galvanic current is caused by increase of concrete resistance. The measured
concrete resistance before current measurement and thereafter was 70.5 Qm and 73.6 Qm
respectively.
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Figure 8 Galvanic current in the concrete element after one month of exposure to 45% r.H

NUMERICAL SIMULATION

Numerical Model and Input Values

The numerical simulation was carried out with the BEASY 8.0 software by Computational
Mechanics. This boundary element program uses the anodic and the cathodic polarisation
curves and the concrete conductivity as input values. A numerical model of the measured
macro cell was generated. Because of the symmetric arrangement of the sample only one
quarter of the concrete element had to be modelled. The measured mortar resistivity was
converted into the concrete conductivity. For the anodic polarisation curve the values of a
dynamic polarisation measurement of steel in 0.1 M HCI was used [10]. For the cathodic
polarisation curves the results of the measurements described in the first section of this work
were used. The concrete resistivity was assumed to be homogeneous over the entire concrete
clement.

Results of Numerical Simulation

The change of cathodic area was modelled in the same way as described for the current
measurement. For each geometric arrangement (except Number 9 in Table 4) a simulation
was performed. For the cathodic polarisation curve the measured curve in concrete after one
month was used (Figure 7).
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Figure 9 shows the comparison of measured and calculated values.
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Figure 9 Comparison of calculated and measured galvanic current in the concrete
element after one month exposure to 45% r.H

A good agreement between experimental and calculated values was found. The first five
values (all in layer 1) show a deviation between experiment and calculation. The reason for
this could be a change of concrete resistivity in the outer part of the concrete element. This
had not been taken into account for the numerical simulation.

In a second simulation the galvanic current and the current distribution was calculated for the
cathodic polarisation curves shown in Figure 5. For one set of simulations the polarisation
curves and the resistivity were changed. For the second set of simulations the polarisation
curve measured at 93% relative humidity was taken and only the resistance was changed.

Figure 10 shows the dependence of galvanic current on concrete resistance. The deviation of
the two sets of calculation is small. This means that for this geometric arrangement the
galvanic corrosion current is controlled mainly by the concrete resistance.

For the calculations shown in Figure 10 the current distribution was also calculated. Figure
11 shows the integration of the current flowing through the cathodic steel area in dependence
on the horizontal distance from the anode centre.
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Figure 11 Current distribution (polarisation curve of 93% r.H., 168Q2m)

In Table 5 the values of the radius where 50, 75 and 95% of the total current was reached are
given for the calculations shown in Figure 10. In the description in column 1, R,P means that
the resistance and the polarisation curve was changed. R means that only the resistance was
changed.
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‘Table 5 Propagation of macro cell

SIMULATION RADIUS 50% [m] RADIUS 75% [m] RADIUS 95% [m]

93% rh, R,P 0.145 0.221 0.401
76% th, R,P 0.151 0.371 0.584
76% rh, R 0.126 0.231 0.527
66% rh, R,P 0.113 0.272 0.497
66% rh, R 0.149 0.396 0.529
45% rh, R,P 0.109 0.307 0.488
45% 1h, R 0.327 0.419 0.517
CONCLUSIONS

From the laboratory study on the cathodic kinetics of steel in mortar it can be concluded
that the oxygen reduction on passive steel shows a strong dependency on mortar
humidity.

A good agreement between numerical modelling with the boundary element program and
the experimental results was found. The numerical simulation shows that the current
distribution in a realistic macro cell has a high complexity.

For the investigated macro cell arrangement the concrete resistance has a major influence
on the galvanic current. A macro cell propagation of about 0.5 meters was found.

The macro cell propagation is influenced by different parameters. A more detailed study
on the interaction of polarisation and concrete resistance could provide more insights.
Further investigations are necessary to understand the behaviour of macro cell corrosion
in concrete structures.
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DETERIORATION OF LONG SERVING CEMENT BASED
SANDCRETE STRUCTURES IN NIGERIA
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ABSTRACT. The fall in standard of the Nigerian economy, starting from the mid 1980s, has
encouraged massive import of second hand goods, most especially industrial machines, cars,
motorcycles, etc. It is a well-known fact that the majority of these are very inefficient and
produce lot of pollutants (CI', SO,, CO,, CO, N,Oy, etc) particularly as a result of incomplete
fuel combustion. The presence of these pollutants has contributed not only to the depreciation
of the peoples’ quality of life but also to the degradation of cement based structures’ physio-
chemical, mechanical and aesthetic qualities. This paper is aimed at developing a
deterministic model, based on a mechanism of cement corrosion, to predict the deterioration
of cement-based structures in Nigeria. The deterministic model equation developed is only
used for a given depth of the sandcrete block. It does not represent the relationship between
the concentration of pollutant Co and depth of penetration in the entire block volume.
Variation in the type of pollutant and possible reaction, including leaching must also be
considered in order to develop a more generic model.
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INTRODUCTION

The compressive strength of cement-based structures is expected to increase steadily with age
[1]. However, this statement may not be true for many structures especially those serving in
aggressive environments. In some areas, most cement-based structures were found to develop
micro cracks within few years after construction, despite the fact that acceptable standards
were observed. It has been proved by various researchers that long exposure of cement based
structures to aggressive medium containing acids, alkalis and salts immensely enhance their
physico-chemical and mechanical properties deterioration [1].

Results of various researchers have shown that the weak point in hardened cement
microstructure remains the presence in it of soluble and reactive Ca(OH), [2]. Much work has
been done in investigating the mechanism of various destructive processes responsible for
cement based structure deterioration [2-4]. In his work Moskivic formulated the basic points
for developing the theory of cement based structure deterioration [2]. It was established that
in order to qualitatively assess the kinetics of corrosion process, it is necessary to study the
internal diffusion of an aggressive substance, the formation on the cement based structure
surface layer of the reaction products, crystallization of corrosive components and products
of their interaction with hardened cement minerals in the voids and other processes.

This paper is aimed at developing a deterministic model based on the mechanism of cement
corrosion, to predict the deterioration of cement-based sandcrete commonly used as building
material in Nigeria.

MATHEMATICAL MODELLING

Diffusion of Pollutants into Sandcrete Structures

The sandcrete block consists of a mixture of cement and coarse sand mixed with water to
obtain a normal consistency. The mix is then poured into form and vibrated. Sandcrete
structure may have porosity of more than 25% depending on the extent of vibration. The
sandcrete block forms the major construction material in Nigeria building industry. Nigeria is
a developing country. Pollution problem associated with heavy industrialization is today
being experienced globally.

However, all mitigating features to combat the trend of event have all failed in the developing
world as a result of these countries being converted to dumping ground for used and
inefficient machinery. Today no community is free from gaseous pollutants from automobiles
and motorcycles manufactured using outdated technologies. Consequently the major
pollutants of our cities include products from incomplete burning of hydrocarbon fuel such as
CO,, SO,, CI', CO, NOy, etc. The presence of these pollutants has contributed not only to the
depreciation of the peoples’ life quality but also to the degradation of cement based structures
physico-chemical, mechanical and aesthetic qualities [1].

These pollutants affect the properties of cement-based structures only when they are in direct
contact. This is possible through adsorption and diffusion of these pollutants into the
structure’s matrix. Therefore the rate of the pollutants’ diffusion into the matrix will
determine to a great extent the longevity of the cement-based structure. This is the focus of
this research with particular reference to long serving sandcrete structures in Nigeria.
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Basic Assumptions

The following assumptions were made to facilitate the derivation of the deterministic model
equation.

1. The cement block is well compacted and therefore available inter pore space is spherical.
2. The Fick’s law holds for the diffusion mechanism.

The product of the chemical reaction is retained on the surface of the particles in a
monomolecular layer.

4. Diffusion is predominantly in one direction of gas flow, except for particles at the edges.
The pollutant gases obey the general gas law

6. Surface flux is based on the total area of the solid particles perpendicular to the direction
of diffusion.

By analogy to Fick’s law, the molar rate per unit of pore surface Nj is [6-8]

N, =-D, B e, 1
dr

where C = surface concentration, mole gas/m’ [8].

For diffusion in a porous solid the surface flux (Ni). should be based on the total area
perpendicular to the direction of diffusion on the co-ordinate r:

dcC
(V) =D, =L 2
dr

where D, = effective diffusivity, per unit of the total cross sectional area, C moles
adsorbed per gram solid, mole/g, py, — density of the block.

The equilibrium concentration of the net rate of adsorption of gases on the solid, according to
Langmuir’s law can be represented as

C 4= KCmC ............................................... 3

where C, = adsorbed concentration on the solid surface, mole/g, C, - concentration

corresponding to complete monomolecular layer on the solid, C, — concentration of
adsorbable component in the gas phase; it is proportional to P, K — linear form of
equilibrium constant, m3/g.

Due to the long exposure of the sandcrete blocks under investigation, equilibrium is assumed
to exist between the gas and the surface concentration. Equation 3 can be represented as

Cu=K,CpCyq=K At 4
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Substituting Equation 4 into 2

p ay 4
Ny ==K D, py 2t cociees oo e 5
( .h RgT AP e Pp dr
The total surface flux is
(Ny)y = Ny (N, gereeoeeeseereeeeeeseeseeeee oo eeeerenes 6
Therefore
(N, =L+ pyk D IPA s 7
’ R,T 7 dr
or
dcC
(Ny),=-(D+ pyK 4D,) dr” ................................... 8
Therefore
(D), =D+ PyK 4Dy ccceeeeee eevvieee e e 9

The overall rate of reaction W4 of component A on the structure is

where V — volume of the structure = length x width x height (LBr).

Therefore Equation 8 becomes

W, o 1B (D 4 pyK DM s s o 11
r
r=rgr c=0

WAI L _B(D+ p,K,D,) J' dC f s e L12
r=0 r ec,

W dnr = LB (D + pyK 4D )C 4o coeeciee cveeeceee e 13

Let LB is a constant and it was assumed that no diffusion took place except on the

perpendicular surface to the direction of gas flow. In the linear form y = mx eq. 13 can be
presented as

taking
D, =LB(D+ p,K ,D,)

Equation 14 is the modeling equation for the research.



Deterioration of Sandcrete 35

EXPERIMENTAL DETAILS

The samples A (20 years old) and B (15 years old) were collected from exposed long serving
sandcrete blocks used for fencing at highly industrialized layouts A and B in Lagos, Nigeria.
The choice of samples was based on the age of the fence and centrality of the structure in the
two industrial layouts. Most industries in Nigeria use natural gas and black oil for energy
generation. Consequently, the bulk components of emission from these areas are oxides of
carbon. All samples were collected by drilling using a hand drilling machine, equal distance
into the blocks wall used for the fence at the top, middle and ground levels. The control
sample (1 day old) was collected from a block industry in Minna; about 500km north of
Lagos. All samples were produced by mixing sand and cement with potable water. The
mixture with moisture content of 30 — 40% is then poured into mould and compressed either
manually or vibrated mechanically. Minna is a city with practically no functional large-scale
industry, consequently except from automobile and the homes not many pollutants are
generated. Each of the collected samples were ground in a ceramic lined mill to a fineness of
about 6 — 8% residue on a 80um size mesh. All the chemical analyses were conducted
according to [9].

RESULTS AND DISCUSSION

Results of the experiments are presented in Figures 1 and 2 and Table 1. From Equation 14
Ca is directly proportional to the natural logarithm of depth of pollutant penetration, Inr. The
gradient of the line so obtained will be equal to Wa/D¢. W for a given pollutant is calculated
from the quantity of reaction product deposited in the sandcrete over the experimental period.
The results of analysis of the rate of reaction for the various pollutants are presented in
Tables 2 and 3.

Table 1 Average concentration of Ca(OH), at different depths

DEPTH r, mm SAMPLE CONCENTRATION g/ x10
Control A B

0.9 9.3 8.0 7.7

10.0 10.4 8.3 7.8

20.0 10.7 85 7.9

The CO,, SO, and CI” were the pollutants investigated in this paper. Analysis, based on the
quantity of deposition of the rate of penetration showed that the CO, and CI” were more likely
to be introduced to sandcrete blocks than SO, (Figures 1 and 2 and Table 2). The

concentration of CO;” and CI in the block increased by 3 — 10.5 and 1 —2 times respectively

over a 15 — 20 years period. The significant disparity in the CO?” concentration maybe
connected to the conversion of the insoluble CaCOjs to soluble Ca(HCO;) and its subsequent
leaching [2-4). The concentration of SO; increased by 1.6 — 6.5 times for sample A and 2.3 —
6.0 times for B in comparison to the control sample. The Ca(OH), concentration during this
15 — 20 years decreased only by about 1.4 times for B and 1.3 for A.
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The mechanism of cement mineral hydration showed that the extent of hydration tends to 1
after many years [10]; with only about 60% extent of hydration attained after 180 days even
for fast hydrating cement [11]. The free Ca(OH); is continuously utilized through various
reactions such as in presence of SO3, or CO, or Cl” and water to produce gypsum, CaCOs,
Ca(HCO3), and CaCl, respectively. In presence of active SiO,, Ca(OH), will react to produce
various solid solution of C-S-H [11]. The porous nature of sandcrete block ensures that the
increased volume experienced as increased stress during the formation of ettringite in the
course of the reaction involving CaSO42H,0 and calcium aluminate/ferrite hydrates is
completely adsorbed. Unlike SO, pollutant and sometimes CO,, CI” will always lead to
increased porosity of the structure as the resultant soluble CaCl, or unstable
monochloroaluminates can be easily removed via leaching.

=
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Figure I Concentration of pollutants versus depth of penetration in Site A

Analysis of Table 2 showed that the rate of all the pollutants investigated is higher at the
outer surface. There is no linear relationship between the rate of reaction and the depth of the
pollutants’ penetration. The rate of deposition of CO; in the sandcrete block was the highest
irrespective of the depth or age of the samples. The CO;~ was fairly well distributed in all

the depth investigated; with 4 — 25% variation between the outer and the inner layers. It is
followed by SOs, however the extent of variation was relatively high; 37 to 57%. The extent
of variation for Cl" was the least. The difference in the various rates of reactions involving
SO,, Cl, and CO; for samples A and B, showed that the observed Ca(OH), content (Table 1)
could not have been the products of the primary reactions of cement minerals hydration [10,
11]. Their continuous presence is the resultant of various secondary reactions involving the
cement minerals’ hydrates and pollutants introduced into the sandcrete block.

Analysis of the diffusivities coefficients, D, mm/hr (Table 3) showed that SO, has the least
value. The (-) sign indicates that the resultant product is being accumulated on the particular
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depth. Except for CO;™, no other resultant product of the pollutants’ reactions with Ca(OH),

was accumulated on the outer surface of the sandcrete block. The outer layer diffusivity
coefficients for all the pollutants investigated were for most cases, higher than those of the
interior. However, the observed disparities of D values between layers’ depth might be
connected with the non-uniform rates of leaching of the reaction products and the resultant
exposure of the cement minerals hydrates surfaces.
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Figure 2 Concentration of pollutants versus depth of penetration in Site B

Among the pollutants investigated SO, has the least D values, however the high porosity of
the sandcrete block structure coupled with the small percentage concentration in the mix,
made its degrading effect very minimal. The degrading effect of CO, was enhanced by its
relative abundance in the atmosphere.

The deposition of CaCOs3 on the outer surface of sandcrete block reduces the penetration of
CO; into the structure. The non uniformity in the D values with increasing depth could be
attributed to inconsistency in the diffusion of pollutant and the transformation of the resultant
reaction product CaCOj; to Ca(HCO3); and the possible leaching from the structure.

Chloride (CI") showed serious inconsistencies in the D values. This could be attributed to the
relative ease with which the product of C-S-H and CI  reaction is leached from the structure.
In general it is difficult to establish the overall pollutants’ D values in sandcrete structure,
based on the evaluated data (Table 3).

The type of pollutant and its product of reaction with cement minerals, the rate of leaching of
these products, influence the overall D value.
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Table 2 Rate of various pollutants’ deposition in sandcrete block

DEPTH, r, RATE OF SO; DEPOSITION, .
mm g/l/hr x 10”at depths, for samples from sites A and B
Top Middle Ground
0.9 69 87 59 72 44 53
10.0 50 67 43 67 25 33
20.0 28 53 36 48 25 38
30.0 25 48 25 33 17 33
RATE OF CO, DEPOSITION,
g/l/hr x 107 at depths, for samples from sites A and B
0.9 72 75 75 76 73 77
10.0 74 73 76 63 71 73
20.0 70 63 68 60 67 59
30.0 69 60 61 55 62 57
RATE OF CI' DEPOSITION,
g/l/hr x 107 at depths for samples from sites A and B
0.9 40 49 3.0 40 30 32
10.0 38 46 3.1 37 30 30
20.0 35 46 2.8 39 27 30
30.0 32 45 2.7 40 23 29

Table 3 Diffusivities coefficients of pollutants in samples at different depths

DEPTH, DIFFUSIVITY OF SOs,
mm 10" mm/hr at depths, for samples from Sites A and B
Top Middle Ground
A B A B A B
0.9-10 14.3 19.2 10.0 24.0 19.2 25.0
10-20 4.05 5.16 4.09 6.64 * *
20-30 0.17 3.3 2.31 2.5 2.46 33
CO,
0.9-10 * 25 * 17.3 11.8 3.84
10-20 4.0 5.0 4.0 7.0 4.0 4.83
20-30 0.5 4.0 23 2.86 222 2.66
Cr
0.9-10 12.0 25.0 * 10.0 * 25.0
10-20 5.88 * 5.26 * 5.26 *
20-30 2.0 2.0 33 * 2.28 2.0

* Shows an increase in the relative rate of pollutants’ deposition in the sandcrete block. It is

assumed that diffusivity of these pollutants is retarded.
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Deterioration mechanism of a serving structure is dependent on:

e In-built or self-destructive mechanism, which in this case include the quality of the
cement, sand and water and the block production technique.

e External or prevailing environmental conditions and

e The extent of interaction of a and b to be defined by time.

These factors are adequately represented in the model Equation 14. For any structure; even
when serving in the same locality, the above-mentioned factors cannot be the same due to
variation in especially the internal factors. This could account for observed variations in data
presented in Table 2 and 3. The developed model and the methodology of application can be
used to determine the rate of deterioration of serving sandcrete in any environment and it will
serve as a base for comparative analysis of the extent of depreciation of the structure.

CONCLUSIONS
The developed deterministic model equation can only be used for a given depth of the
sandcrete block. It does not represent the relationship between C, and Inr in the entire block
volume. Variation in the type of pollutant and possible reaction, including leaching need to be
considered in order to developed an acceptable model.
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LOW HEAT SULFATE RESISTANT CEMENT - ITS
STRENGTH AND DURABILITY IN CHEMICALLY
AGGRESSIVE ENVIRONMENT
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ABSTRACT. The paper deals with the development of low heat sulfate resistant (LHSR)
cement produced by activation of granulated slag obtained from blast furnace, copper and
phosphate industries with calcium sulfate hemihydrate. A rapid setting cement of high
strength was obtained. The setting time of cement was prolonged with a small addition of
set retarder without adverse affect on strength. Better strength results with low heat of
hydration than the anhydrite activated cement were achieved. Data confirmed that granulated
blast furnace slag can be replaced with copper or phosphatic slag upto 10 percent by mass
without appreciable fall in strength. The LHSR cement on hydration produce ettringite, C-S-
H and C,AH,, as the major hydraulic products. The durability of LHSR cement vis-a-vis
ordinary Portland cement (OPC) was examined for its use in sulfate solutions such as
Na,S0,.10 H,0, (NH,),SO,, MgSO, and in a mixture of NaCl and Na,SO,.10 H,0. Data upto
180 days of curing in sulfate solution is reported. A fall in compressive strength of LHSR
cement as well as OPC was recorded. However, fall of strength was lower in LHSR cement
than the OPC. The gain in higher strength in LHSR cement in sulfate solutions may be
assigned to the formation of enhanced quantity of C-S-H and decrease in Ca(OH), and
ettringite. The LHSR cement may be used in construction work prone to sulfate attack.

Keywords: Cement, Slag, Hemihydrate, Compressive strength, Durability, Low heat,
Sulfate resistance.
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INTRODUCTION

About 10 million tonnes of slag are produced annually as a by-product from blast furnace and
metallurgical industries in India. Granulated slag can be activated by various agencies like
alkali, lime and sulfate to form cementing materials [1-2]. These slags are used in the
manufacture of cement and cementing materials in concrete, as rail ballast and as a filler [3-
4]. The copper and phosphatic slags are mostly used as an aggregate and pozzolanic
materials but their use in the manufacture of blended cements has yet to be explored.

Super-sulfated cement is a well known blended cement, which is produced by activation of
granulated blast furnace slag with 10 to 15 percent gypsum anhydrite in the presence of 2 to 5
percent cement or lime. Super-sulfated cement is low heat sulfate resistant cement as it gives
low heat of hydration and adequate sulfate resistance than the ordinary Portland cement [5]
hence, the name low heat sulfate resistant (LHSR) cement. The Indian slags are characterized
by low lime and high alumina content and are less reactive than the foreign slags. By
increasing anhydrite content to 20-25 percent, the strength of cement can be increased
considerably.

However, for the production of anhydrite, high temperature (800°-850°C) is required.
Investigations were therefore, undertaken to produce LHSR cement with and without copper /
phosphatic slag by activation with calcium sulfate hemihydrate (CaSO,. 2 H,0) made at
much lower temperature (150-160 °C). Experimental cements were produced by blending
ground granulated slag with hemihydrate plaster and Portland cement clinker in suitable
proportions and their characteristics were compared with the cement made using anhydrite as
well as Portland cement. The heat of hydration and sulfate resistance of the cement were
determined. The hydraulic products as determined by DTA and X-ray diffraction are
reported.

Durability of concrete due to sulfate attack is an important matter. The use of cement mortar
and concrete in sulfate bearing soils, ground water or marine atmosphere deteriorate concrete
due to formation of ettringite, gypsum or thaumosite [6-8]. To combate sulfate attack on
cement mortar and concrete, blended cements are preferred over OPC [9].

LHSR cement is a blended cement and its use in aggressive atmosphere could be an asset for
cement mortar and concrete. Hence, performance of LHSR cement mortar in sulfate
solutions such as Na,SO,.10 H,0, (NH,),SO,, MgSO, and in a mixture of NaCl and
Na,S0,.10 H,0O upto a period of 180 days was studied in term of measurement of
compressive strength of mortar cubes. The strength development in mortar cubes during
immersion in sulfate solutions was examined by DTA and XRD. The results are reported and
discussed in the paper.

EXPERIMENTAL DETAILS
Materials

The raw materials such as granulated blast furnace slag, phosphogypsum and Portland cement
clinker of chemical composition (Table 1) were employed to formulate LHSR cement.
Granulated slag contains 90 % glass.
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Table 1 Chemical composition of raw materials

CONSTITUENTS GBFS PHOSPHOGYPSUM CEMENT CLINKER
P,0O; - 0.47 --
F -- 0.86 -
Organic matter - 0.59 -
SiO, + insoluble in 33.83 0.29 22.50
HCl -- -- --
Al O, +Fe, O, 22.93 0.54 9.80
CaO 34.93 31.09 61.70
MgO 7.46 1.31 2.80
SO, 0.84 43.21 0.06
Na, O -- 0.29 Tr.
LOI 0.20 18.38 2.1
Mn, O, 0.10 -- --

GBFS : Granulated blast furnace slag

Preparation of Low Heat Sulfate Resistant Cement

The LHSR cements were produced by uniformally blending the ground granulated blast
furnace slag (410 m’/kg, Blaine) with the calcium sulfate hemihydrate (320 m’/kg, Blaine)
and cement clinker (330 m*kg, Blaine) in different proportions. The hemihydrate plaster was
produced at 150°C in the Gypsum Calcinator fitted with mechanical churner whereas
anhydrite was made at 850°C in the electrical furnace. The composition of LHSR cements is
listed in Table 2. The LHSR cements were evaluated for properties such as setting time,
compressive strength and Lechatelier expansion (cold expansion) as per methods given in
[S:4031-1996 [10]. The initial and final setting times of the neat cement was tested using
Vicat apparatus at normal consistency and the compressive strength was determined using 1:3
cement-standard sand (triple graded) cubes (7.06x7.06x7.06cm) produced by 2 minutes
vibration method. While the cold expansion was determined by measuring the expansion of
neat cement cast in ring moulds submerged under water. The progress in hydration of LHSR
cement was examined with DTA (Stanton Red Croft, U.K.) and X-ray diffraction (Philips,
Netherlands). The sulfate resistance of LHSR cements was studied as per method described
in 1S:12330 - 1988 [11]. According to test, a mixture of LHSR cement and natural gypsum
was prepared in such a way that the total SO; content was 7.0 percent by mass. The
granulometry of natural gypsum was maintained as 100 percent passing 150 micron IS sieve,
at least 95 percent passing 75 micron sieve and at least 75 percent passing 45 micron IS sieve
respectively. Bars of size 250mm x 25mm x 25mm were cast using cement (containing
gypsum) and sand in the proportion 1:2.75 at W/C 0.485. The bars were demoulded after 24
hours of their casting and then immersed in the water horizontly. The average expansion of 3
bars was recorded at 14 days.
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Table 2 Composition of LHSR cements

CEMENT MIX COMPOSITION (% by mass)
DESGN.
GBFS  Phosphatic Copper CaS04."2H20  Cement Retarder
Slag Slag Clinker

A 75 -- - 15 10 --

B 75 -- -- 15 10 0.2 Borax
C 75 -- -- 15 10 0.1 T.acid
D 65 10 - 15 10 0.1 T.acid
E 65 -- 10 15 10 0.1 T.acid
F 75 - - 15 (Anhydrite) 10 --

G - - -- - 96 4.0 (Gypsum)

T.acid : Tartaric acid.
Performance of LHSR Cement in Sulfate Solutions

The mortar cubes (5 cm x 5 cm X 5 cm) comprising 1 : 3 cement - sand (F.M. 1.2) were cast
at 105 % flow and cured for 28 days in water at 27 + 2°C. The hardened cubes were
immersed in acetone and then dried to constant weight at 100°C,cooled to ambient
temperature and then submerged in Na,SO,.10 H,0 (5%), (NH,),SO, (4%), MgSO, (4%) and
NaCl (2%) + MgSO, (2%) solutions. The cubes were tested for their compressive strength
after certain periods vis-a-vis OPC mortars. The hydration studies of of LHSR cement and
OPC mortars during immersion was checked with the help of DTA and XRD.

RESULTS AND DISCUSSION
Properties of Low Heat Sulfate Resistant Cement

The physical properties of LHSR cements are listed in Table 3. The results show fast setting
of cements due to higher concentration of sulfate ions in cement matrix. To regulate setting
time, chemical retarders such as borax, tartaric acid, sugar, citrate, phosphates etc. were added
to cement to enhance their setting times. Borax and tartaric acid (< 0.2%) have been found
effective to prolong setting times of the cement. Strength wise these cements compared well
with conventional super sulfated cement based on slag, anhydrite and portland cement
(cement ‘D’) and the ordinary Portland cement designated as cement ‘G’. These cements are
sound as they show cold expansion much within the maximum specified value of 5.0 mm as
given in IS: 6909[12].

The results, furthermore, show that on replacing GBFS with 10 % (by mass) of phosphatic
and copper slags (cements ‘D’ and ‘E’) conform to the requirement of IS: 6909.
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It is therefore, established that LHSR cement can be manufactured by activating the slag with
hemihydrate (CaSO,.1/2H,0) plaster in place of anhydrite (CaSO,). These cements possess
low heat of hydration and are sulfate resistant as they showed sulfate expansion within
maximum specified value of 0.045 % covered in IS : 12330.

Table 3 Properties of LHSR cements

CEMENT PROPERTIES
DESIGN
Setting time (Minutes) Compressive strength (MPa) Soundness(Cold
Initial  Final 3d 7d 28a P (mm)
A 10 65 16.1 23.7 354 1.0
B 60 120 15.9 223 43.1 1.1
C 55 106 16.9 384 56.1 1.2
D 70 142 15.7 23.0 44.7 0.8
E 66 150 17.5 28.8 35.0 1.1
F 62 170 15.8 35.2 553 0.9
G 110 205 17.5 28.0 46.0 1.0
IS: 6909 Min30  Max.600  Min.15 Min.22  Min.30 Max.5.0
Limits

The LHSR cement on hydration produce ettringite (C,A. 3 CaSO,. 32 H,0), tobermorite (C-
S-H) and C,AH,, as predominant hydraulic products [13]. The microstructure of hardened
LHSR cement showed enhanced intensity of ettringite and tobermorite peaks with increase in
curing period. However, the gypsum and Ca(OH), peaks grossly reduced and almost
disappeared at 28 days and on subsequent hydration.

Performance of LHSR Cements in Sulfate Solutions

The compressive strength of 1 : 3 cement - sand mortar cubes tested after 3, 7, 28 and 180
days of immersion in sulfate solutions is listed in Table 4. A fall in strength of LHSR
cements activated with hemihydrate plaster as well as anhydrite was noted. However, the fall
in strength was less pronounced in LHSR cement mortars than the ordinary portland cement
mortar. It can be seen that even in 90 days cured portland cement mortar, the strength could
not be measured due to development of cracks and breakage in the cubes during their curing
in sulfate solutions.

The strength development in cement mortar cubes cured in sulfate solutions up to 90 days
was monitored by DTA and XRD. Figure 1 shows DTA of the LHSR cements ‘C’ and ‘F’
and that of cement ‘G’ (OPC) cured in 5 % Na,SO,.10 H,O solution. The endotherms formed
at 100°C, 130°C, 150°C, 220° - 230°C, 490°C, 640° - 660°C, 780° - 830°C may be assigned to
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the decomposition of C-S-H gel, ettringite, gypsum, C,AH,;, Ca(OH),, tobermorite and
CaCO, respectively. The appearance of exotherms at 920° - 930°C in cements ‘C’ and ‘F’ is
due to devitrification of slag. It can be seen that with increase in curing period, the intensity f
C-S-H gel, C,AH,; and tobermorite peaks increased whereas intensity of Ca(OH), and
ettringite reduced

Table 4 Performance of LHSR Cement in Sulfate Solutions

CEMENT CURING COMPRESSIVE STRENGTH IN SULFATE SOLUTIONS,

DESIGN  PERIOD (MPa)
(DAYS)
MgSO, (NH,)),SO, Na,SO,.10H,0 NaCl+ MgSO,
(4%) (4%) (4%) %) (2%
C 3 18.7 16.7 22.1 12.6
7 22.1 19.7 23.0 23.9
28 24.2 322 24.0 26.6
90 32.0 26.4 27.2 229
120 33.2 254 26.4 232
180 35.2 24.8 25.5 24.8
F 3 21.1 26.7 14.7 14.0
7 24.3 27.1 20.8 16.2
28 36.0 24.0 22.8 29.7
90 24.2 19.7 29.0 20.0
120 23.8 19.6 28.4 21.9
180 19.9 18.6 26.7 23.2
G 3 293 29.4 15.9 10.3
7 353 222 21.6 10.2
28 15.3 12.0 28.5 11.9
90 All cubes 7.5 All cubes 10.1
broken broken
(Craking started)

However, no Ca(OH), was found at 90 days and on subsequent hydration. In contrary to
LHSR cements ‘C’ and ‘F’, the intensity of C-S-H gel, tobermorite and Ca(OH), are grossly
reduced in cement ‘G’. Moreover, disappearance of gypsum endotherm (150°C) was observed
at 90 days as wellas at 180 days.
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Hence, increase in tobermorite and C,AH,, may be correlated with residual higher strength in
LHSR cements than OPC based mortars and thereby confirming better durability of former
than latter in sulfate solutions. The XRD plots of LHSR cements ‘C’,'F’and ‘G’ cured in
5.0% Na,S0,.10 H,0 solution are shown in Figure 2.

It can be seen that reflections of ettringite, tobermorite C,AH,, and Ca(OH), are formed. The
intensity of tobermorite and C,AH,, reflections increased with the increase in curing period
whereas reflections of ettringite and Ca(OH), reduced. However, in cement ‘G’, intensity of
C-S-H and ettringite were further mitigated leading to cracking and disruption of mortar
cubes. In essence, the cement mortars based on LHSR cement ‘C’ showed better sulfate
resistance than the LHSR cement ‘F’ in MgSO,, (NH,),SO, and NaCl + MgSO, solutions.
The sulfate resistance of LHSR cement C’ and cement ‘F’ was similar in Na,SO,.10H,0
solution due to close strength characteristics. However, the sulfate resistance of LHSR
cements was better than the Portland cement ‘G’. The XRD results corroborate the findings
of DTA. Similar pattern of XRD and DTA results were obtained by curing cement mortars in
MgSO,, (NH,),SO,, and NaCl + MgSO, solutions.

920
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220 650
1 i 1 1 A i ' 1 —
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Figure 1 DTA of LHSR cements ‘C’ and ‘F’ and Portland cement ‘G’ cured for different
periods in 5% Na,SO, 10H,0 solution
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Figure 2 X-Ray diffractograms of LHSR cement ‘C’ and ‘F” and Portland cememt ‘G’
cured in 5% Na,S0, H,0 solution
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CONCLUSIONS

The low heat sulfate resistant cement can be manufactured by activating granulated blast
furnace slag with hemihydrate plaster produced at 150°C instead of using anhydrite formed at
850°C. In this way saving in thermal energy may be achieved. It is also concluded that
phosphatic and copper slags may be replaced with the granulated blast furnace slag up to 10
% by mass in making LHSR cement without any appreciable effect on the compressive
strength. The performance of cement mortars in different sulfate solutions showed decrease
in strength of LHSR cement to lesser extent than OPC mortars. The formation of tobermorite
and C,AH,; phases of higher intensity confirm attainement of higher strength in LHSR
cement. The curing of LHSR cement mortars in sulfate solutions beyond 180 days is in
progress.
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ABSTRACT. Chemicals storage in concrete silos often presents durability problems due to
their chemical attack, the situation being severe due to the high concentration. The paper
aims to examine the effects of ammonium salts, - ammonium sulphate and nitrate, noted for
their aggressive behaviour. Two laboratory programmes are reported which study the
influence of ammonium solutions on PC mortar samples. Modification to mortar properties
are reported. Ammonium sulphate undergoes a strong swelling that is correlated with the
reduction in strength. These mortars also undergo rapid cracking after removal from solution
and exposure to air. Ammonium nitrate undergoes a rapid decalcification which is
accompanied by a strength loss.
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INTRODUCTION

Deterioration of concrete in the presence of ammonium salts has been observed since the
1930’s, many of these cases being associated with the industrial processes used in the
production of coal gas. The reaction between certain ammonium salts and concrete has long
been recognised as potentially aggressive, ammonium chloride, phosphate, sulphate,
sulphide, sulphite and bicarbonate being considered the most harmful whereas ammonium
carbonate, oxalate and fluoride being harmless [1]. Most codes, e.g. EN 206 would consider
concentration of in excess of 60 mg NHy" /I as an extreme exposure condition. Ammonium
compounds are found to occur in sewage, typically 30 mg NH;* /I, certain industrial
wastewater and sludge treatment processes will have concentrations of ammonium
compounds in a significant concentration, e.g. supernatant liquor from sludge can have
concentration of up to 500 mg NH4"/l. The most severe conditions that are likely to exist are
found in the storage silo where an ammonium compound is stored in bulk [2]. The principle
process involved in the deterioration of concrete in the presence of ammonium compounds
involves the reaction between the portlandite (lime) and the ammonium salt.

Ca(OH), + 2NH,Y — CaY, +2H,0 +2NH,

Where Y is the anion associated with NH,"

Ammonium sulphate and ammonium nitrate are usually considered as the most aggressive of
the ammonium salts.

Ammonium Nitrate

Ammonium nitrate provokes a solubilisation and leaching of the lime in the cement paste,
this is accompanied be a reduction in the pH of the concrete and thus creating a danger of
depassivation of the steel in reinforced concrete. The leaching of the lime would also lead to
a weakening of the matrix of the material. It is often observed that the surface of a mortar
will undergo visible signs of cracking, this has been attributed to the formation of calcium
nitro-aluminate [3]. It is proposed that the nitrate reacts with the hydrated aluminates in the
cement paste thus forming the expansive calcium nitro-aluminate. Lea [4] has shown that it
has a low solubility in a lime rich solution i.e. high pH, however the nitro-aluminate
decomposes as the lime is leached from the cement matrix, i.e. decreasing pH. This would
imply that in a saturated state the leaching of lime is a dominant factor and the conditions do
not favour the formation of the nitro-aluminate. The converse is true in the case of mortar
subjected to wetting and drying cycles. Cadre [S] has confirmed the presence of nitro-
aluminate by X Ray diffraction analysis of mortar samples conserved in dry conditions and
then immersed in ammonium nitrate solution.

Ammonium Sulphate

Lea [6] expresses the opinion that ammonium sulphate is the most destructive of the sulphate
salts, a 5% solution capable of causing 3.8% linear expansion in a cement mortar after 12
weeks. He proposes that the expansion may be due to the formation of an expansive double
salt CaSO4.(NH4)2S04.H,0. Considering the general reaction between an ammonium salt and
lime it can be seen that one would expect the formation of Ca SO4.2H,0 gypsum and a
liberation of ammonium; this gas liberation being common to most ammonium salts. It has
been observed that during the period of immersion of a PC CEM I mortar in ammonium
sulphate solution there is the formation of needle like crystals over the surface of the
concrete, these have been identified as gypsum [7, 8].
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EXPERIMENTAL PROGRAMME

An experimental programme was conducted with the aim of observing the deterioration of a
PC CEM I mortars immersed in ammonium sulphate solution and ammonium nitrate
solution. Both programmes quantify the modification to the material by measuring swelling
strength and depth of pH reduction in normal mortar specimens immersed in ammonium
compound with control samples stored in water. The mortar used in the test is a normal
mortar conforming to EN196. The aggregate type being a standard sand conforming to ISO
679, with an aggregate/cement ratio of 3.0. The cement type used is an Ordinary Portland
Cement, CPA CEM 1 (52.5N) CP2, manufactured in SAINT-PIERRE-LA-COUR (France).
An analysis of the cement type is summarised in Table 1.

Table 1 Oxide analysis of the cement used in the tests

BULK OXIDE, % (WEIGHT BY MASS)

Ins SiOt ALOs; Fe,O;3 CaO MgO K,Ot Na,Ot SO; P.F. CaOfie

026 20.15 5.18 276 6513 0.69 099 0.17 2.85 151 131

A summary of the two experimental protocols is set out in Table 2. In both programmes a set
of control samples were conserved in water at 20°C. The samples were cured for 1 day at
100% RH and then stored at 20°C 50% RH for 10 days prior to immersion.

Table 2 Experimental protocols

PROGRAMME A PROGRAMME B
W/C ratio 0.5 0.8
Cure at 100%RH 1d 1d
Duration of immersion 90d 180d
Solution and concentration Ammonium sulphate Ammonium sulphate (36)
(g NH," /1) 5.4) Ammonium nitrate  (36)
EXPERIMENTAL RESULTS

Observations

In programme A and B it was noted that there was a strong liberation of ammonia gas for all
samples immersed in an ammonium solution. This was apparent from the second day of
immersion and persisted until the end of the exposure time. After approximately a week it
was noted that needle like crystals form and the surface of the samples immersed in
ammonium sulphate solution. The samples immersed in the ammonium nitrate solution
developed a thin white coating on their surface and the formation of a scum on the surface of
the solution.



54 Rendell, Jauberthie

At the end of the exposure period the samples were removed from the solution and washed in
tap water prior to testing, it was noted that the samples immersed in ammonium sulphate
developed cracks along the edges and end faces. This cracking occurred within minutes of
washing, Figure 1, left hand side, shows a sample from Programme B where most of this
severe cracking occurred during and after washing. The surface zone of samples immersed in
ammonium sulphate were examined by scanning electron microscope, observed formations
were identified using microanalysis (EDS). Figure 1, right hand side (lower), shows the
formation of the acicular gypsum crystals on the surface, and the internal gypsum formations
(right hand upper) were found to a depth of approximately 200 mm.

Surface crystallisation Surface gypsum formation (x35)

Figure 1 Damage to a mortar sample after 90 d immersion in ammonium sulphate solution.

In the case of samples immersed in ammonium nitrite there was a slight deterioration after
washing however this was very minor in comparison with the sulphate solution.

Mechanical Properties

The results of the final tests on the samples are set out in Table 3. The strength tests were
carried out when the samples were saturated to avoid the effects of chemical modification to
the sample during the drying process. A 3 point bending configuration was used to determine
the flexural strength.
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An assessment of the depth to which the cement paste was chemically modified was
determined by the use of phenolphthalein alcohol solution, the presumption being that loss of
the lime will cause a drop in pH below the indicators change point, approximately 9-10.

Table 3 Mechanical properties of mortar samples after exposure.

PROGRAMME A PROGRAMME B
PROPERTY Control A . Control . .
mmonium Ammonium Ammonium
sulphate sulphate Nitrate
water water
Flexural strength (MPa) 83 7.1 5.6 1.7 2.5
Compressive strength (MPa) 53.7 41.0 32.6 20.3 10.7
Swelling (mm/m) 0.20 0.50 0.47 2.94 0.53
Depth of pH loss (mm) 2 2 1 2.5 7.0
DISCUSSION

It is evident from the results that the porosity of the sample has had a great effect on the
kinetics of the reactions. Programme B, high concentration and high water cement ratio,
presents the most rapid deterioration. Previous work carried out in Programme A [9] showed
that a mortar with w/c ratio of 0.5, immersed in 0.016 mol/l ammonium sulphate (0.29 g
NH," /1) for 6 months did not exhibit any significant change in properties.

In programme A an attempt was made to correlate the reduction in the flexural strength () to
the depth of pH loss and the swelling. The results of this exercise showed that for the case of
mortar immersed in ammonium sulphate solution there is no correlation between depth of pH
reduction, this being in agreement with the results shown in Table 3 i.e. the same depth being
found for two radically different materials and exposures. However there is a strong
correlation, see Figure 2, between swelling and strength loss. This result is again in broad
agreement with Table 2 where the greatest strength loss is associated with the highest degree
of swelling. Extrapolating the linear regression of the data set used in Figure 2 one can
observe that a relative strength loss of 0.3 corresponds to a sample swelling of 3mm, which is
in reasonable agreement with the results seen in Programme 2.

The mechanism of strength loss associated with immersion in ammonium sulphate appears to
be closely related to swelling and therefore related to formation of internal cracking within
the matrix of the material. The rapid cracking observed after removal from the solution and
washing would infer a rapid internal stress build up on exposure to air; this could be due to a
rapid liberation of gaseous ammonia as the pore pressure is reduced. In the case of samples
immersed in ammonium nitrate the results confirm the observation that there is a large zone
in which the pH of the mortar is reduces, most probably due to leaching of the portlandite.
The very minor cracking observed before and after washing could possibly be due to the
expansive action of calcium nitro-aluminates.
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Figure 2: Correlation between sample swelling and the reduction in flexural strength

CONCLUSIONS

The study has confirmed that the action of ammonium compounds can be extremely
detrimental to the durability of concrete. A knowledge of the mechanism involved in this type
of deterioration is of particular importance for the design and repair of fertiliser storage silos.
It is shown that the concentration of the solution and the porosity of the mortar have an effect
on the kinetics of the reaction. Ammonium nitrate solution appears to provoke a
deterioration in material performance by the leaching of the portlandite from the cement
paste, this could lead to depassivation of reinforcement. The formation of expansive calcium
nitro-aluminates may cause surface deterioration however the formation of this compound is
inhibited by the reduction of pH due to leaching. Wetting and drying cycles are the exposure
pattern favouring this expansive action.

In the tests carried out on mortars immersed in ammonium sulphate it is evident that the
sample swelling is severe, however for a dense mortar the effects are insignificant below a
concentration of 0.016 mol/l. The exact mechanism of deterioration has not been identified
however it is apparent that the loss of strength is related to swelling and therefore internal
crack damage. The rapid cracking effect seen after washing and exposure to air has a serious
consequence for the durability of a material, if concrete is in contact with ammonium
sulphate solution and exposed to wetting and drying cycles it is concluded that severe damage
may occur.
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EFFECTIVENESS OF SUPPLEMENTARY CEMENTING
MATERIALS FOR REDUCING THE SULFATE ATTACK IN
BLENDED CEMENTS
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ABSTRACT. The use of supplementary cementing materials for reducing the sulfate attack
has increased; due to they form cementing compounds that increase this resistance. This
study shows an evaluation of different Mexican natural pozzolans and mineral admixture
finely divided. It was determined their chemical composition and pozzolanic activity
according to ASTM C 311 and 1240 Methods. Mortar bars with blended cements were
making according to ASTM C 1012 test method using 5% sodium sulfate solution. It was
determined the length change in the mortar bars exposed to a sulfate solution. Expansion
measurement was conducted for one year to allow an adequate penetration of sulfate ions to
the interior of mortar. Besides, microscopic observations were made to verify the formation
of cracks on the mortar bars that showed an increase in the expansion and their state after one
year in sulfate solution. The results of expansion development are showed. Satisfactory
evidences about performance of the blended cements and the supplementary cementing
material type used were gotten.

Keywords: Natural pozzolans, Sulfate attack, Silica fume, Fly ash, Expansion. Petrographic
observations, Sulfate attack resistance.
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INTRODUCTION

Sulfate attack of cement mortar and concrete has been studied for several decades. It is
commonly believed that sulfate attack of portland cement pastes is caused by chemical
reactions between cement ingredients and sulfate ions from various sources [1], that result in
the formation of ettringite and gypsum, can lead to excessive expansion, cracking, and
strength loss. Typically, these constituents are the monosulfate hydrate (C4ASH);), calcium
aluminate hydrates (C-A-H), and calcium hydroxide (CH). The sulfate attack can be
controlled when the presence de (C4ASH),), calcium aluminate hydrates (C-A-H) is reduced
or even eliminated by either restricting the C3A content of the Portland cement, or by
substituting a portion of the Portland cement with suitable blending material. The later
method can be effectively employed to reduce also the CH content of the hydrated cement
paste, such as in the case of pozzolanic additions. [2].

In respect to world requirements of quality assurance in the production of concrete have
encouraged the use of the supplementary cementing materials, which combined with Portland
cement, allows us improve the durability of concrete. In Mexico there is a great amount of
deposits of natural pozzolans and the use the pozzolanic Portland cement is usually using to
make concrete: others materials as fly ash and silica fume have been used too.

Possible technological benefits from the use of supplementary cementing materials in
concrete include enhanced impermeability and chemical durability, improved resistance to
thermal cracking, and increase in ultimate strength [3].

In Mexico has been found regions where the sulfate concentrations vary since moderate to
severe, according to ACI 201 (Guide to Durable Concrete), as shown in Table 1. It has
determined sulfate (SO4 2") concentrations in soils since 0,11 % to 0,70 % being sodium
sulfate-rich soils; in ground waters and wastewaters have been the sulfate (SO 2‘)
concentrations since 288 to 10 000 ppm. At Pacific Coast the sulfate content vary from 3500
to 6700 ppm and in the Gulf of Mexico from 2500 to 5700 ppm. The contact of concrete
with these soils and waters may cause expansion, chemical deterioration and disruption, so is
very important to consider the using supplementary cementing materials in the concrete that
is subject to sulfate attack to improve their resistance and reduce this type of attack.

One way to improve the sulfate resistance is to use the supplementary cementing materials
mainly in concrete exposed to marine environmental or soils with high sulfate content. This
investigation was conducted to show the advantages of using different supplementary
cementing materials, as natural pozzolans, fly ash and silica fume, to improve the sulfate
resistance.

SCOPE OF INVESTIGATION

The objective of this study is to present the results of a experimental program that consisted
in determining the sulfate attack of different Portland cement, pozzolanic cements and, blends
with fly ash-Portland cement and silica fume-Portland cement according to ASTM 1012
“Standard Test Method for Length Change of Hydraulic Cement Mortar Exposed to a Sulfate
Solution”. The proportioning of the mortar remained constant as 1 part of cement and 2.75
parts of standard sand and the bars were stored in 5% sodium sulfate solution.
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A series of four mixes combinations constituting Portland cement-fly ash and three
combinations of silica fume replacement levels were tested.

Table 1 Sulfate content in different regions of Mexico

WATER SOLUBLE SULFATE IN ACI
PLACE IN MEXICO SULFATE (SO4) WATER 201.2R-92

IN SOILS, PERCENT  (SO,*), ppm
Texcoco. Mex. 0,11-0,18 0,10 -0,20 % (Exposure moderate)
Altamira, Tamps. 0,70 0,20 — 2,00 % (Exposure severe)
Coatzacoalcos, Ver. 0.20-0.28 150- 1500 ppm (Exposure moderate)
Wastewater, Toluca, 760 500- 10,000 ppm (Exposure severe)
Mex.
Groundwater, 1995
Progreso, Yuc.
Seawater, Pacific Coast 3500 - 6700
Seawater, Gulf of 2500 - 5700

Mexico Coast

The pozzolanic activity and chemical analysis of supplementary cementing materials was
made. These include composition, reactivity and amount of pozzolan used with the Portland
cement. The classification of every natural pozzolan includes its mineralogical-petrological
characteristics, chemical composition, and pozzolanic activity index with lime and Portland
cement. The pozzolanic activity with Portland cement and chemical composition were made
for fly ash and silica fume.

EXPERIMENTAL METHODS

Materials

Natural pozzolans, fly ash and silica fume

In this study, representative samples from 6 natural pozzolanic deposits located in different
states of the Mexican Republic were used. These materials were dried at a temperature of
100 °C, they were ground and the fineness was determined (amount of material retained in
No. 325 sieve -45 pm-) according to ASTM C 430 [4]. The fly ash from North of Mexico is
Class F (low- calcium) and silica fume were used.

Cements

The cements used included the follow: Three Portland cements (Type I, II and V) and seven
portland-pozzolan cements. The characteristics of pozzolans used are shown in Table 5. The
physical and chemical analysis of the cements is given in Table 2. The portland-pozzolan
cements have different pozzolan content depending from source. At the Table 2 is shown
the content of each pozzolan in each cement, the range varies from 11 to 30 percent. The
pozzolan was intergrinding in the cement mill. The fly ash was combined with Portland
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cement at 20, 30, 40 and 60 percent by mass replacement of Portland cement. The silica
fume was used replacement 10, 15 and 20 percent by mass replacement of portland cement.
The identification is as following: FA20-PC, FA30-PC, FA40-PC, FA60-PC, SF10-PC,
SF15-PC, SF20-PC.

Table 2 Physical properties and chemical analysis of portland and pozzolanic cements

ASTM ASTM ASTM CPZ CPZ CPZ CPZ CPZ CpPZ CPZ
TYPEI TYPEII TYPEV -A -B -H -1 -] -J-1 - -ATC
CEMENT CEMENT CEMENT

I'ineness

- passing 45 um, % 80.0 87.1 778 936 902 955 971 886 - -
- Blaine, m¥%kg 319 372 272 488 444 434 387, 380 - -
5 5 - -

Compressive Strength
of 51-mm cubes, MPa

- 3 days 20.0 23.9 13.0 172 119 242 248 175 - -
- 7 days 25.8 333 19.5 222 164 282 276 242 - -
- 28 days 30.7 44.4 27.5 319 247 376 362 346 - -
Chemical Analysis, %
SiO, 20.8 20.6 20.7 39.7 382 312 298 376 299 26.2
ALO; 5.8 5.1 4.9 4.1 4.9 33 29 45 6.5 6.2
Fe, 05 3.1 3.4 4.8 2.1 24 3.1 3.7 1.8 2.7 29
CaO 61.5 62.7 629 452 480 540 544 484 52 56.6
MgO 24 2.2 1.6 0.8 1.8 1.3 1.4 1.4 1.3 1.1
SO, 2.4 2.6 2.4 33 3.8 23 1.9 25 3.1 2.9
Na,O 0.41 0.09 0.22 0.61 049 0.15 045 029 085 0.85
K,O 0.56 0.50 0.40 082 0.66 0.60 070 066 140 1.11
Loss on ignition 1.5 1.5 1.8 2.7 34 3.6 32 23 1.8 1.58
Amount of Pozzolan - - - 30 22 19 14 24 16.2 10.94

Bogue Potential
Compounds
Composition, %

CsS 42,0 522 50.8 - - - - - - -

C,S 28.0 19.7 21.1 - - - - - - -

CA 10.1 7.8 49 - - - - - - -

CAF 9.4 103 146 - - - - - - -
TEST METHODS

Petrographic Examination

In order to make the petrographic identification, thin layers of each sample of natural
pozzolans were prepared and observed under the petrographic microscope.

X-Ray Diffraction

The identification of the clay fraction in pozzolans was done on Siemens X-ray

diffractometer; the powder method and radiation KaCu were used. Their mineralogical and
physical characteristics and identification by XRD are shown in Table 3 and 4.
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Chemical Analysis

The chemical composition of pozzolans, supplementary cementing materials and cements
were determined by wet chemical methods according to ASTM C 114 [5]. The results are
shown in Table 5.

Pozzolanic Activity with Lime and Portland Cement

It was determined according to ASTM C 311 [6]. Physical and chemical properties as
pozzolanic activity with lime and Portland cement of each material are shown in the Table 5.

Tests Performed According to ASTM C 1012 Method

ASTM 1012 standard test method [7] cover the determination of the length change of mortar
bars stored in 5 % sodium sulfate solution. Mortar mixtures proportioned as 1 part of cement,
2.75 parts of sand and W/C of 0.485, were used cast prismatic specimens 25 by 25 by
285 mm in size. The water content was adjusted to keep flow of the mortar within + 5% of
the obtained with W/C of 0.485. Specimens were cured at 35 °C for 24 h , after are cured at
23 °C until the mortar cube strength reached a value of 20 MPa. Typically, the strength was
reached of 24 h to four days. Only for combinations with 30, 40 and 60 of fly ash content
this strength was obtained in more time since 17 days until 6 months (cured at 23 °C as it is
indicated an ASTM C 511) depending the fly ash content. The results as expansions of
mortar bars for 52 weeks are shown in Figure 2

Petrographic Observations

The mortar bars were observed under the stereoscopic microscope to identify mainly cracking
and spalling of the mortar surface.

RESULTS AND DISCUSSION

Natural Pozzolans. Petrographic characteristics

Natural pozzolans in Mexico are materials of pyroclastic origin as a result of explosive
volcanic eruptions, where eruptive fragments are transported by air to be finally deposit of
ground of water, once deposited as incoherent materials they can be submitted to diagenetic
processes transforming them into compacted rocks called tuffs.

In the case of Mexican pozzolans, they are indistinctly exploited as incoherent materials as
compact rocks. In the incoherent pozzolans, these correspond to similar deposits with very
little lithological variations causing small changes in the chemical composition. The products
show an evident acid composition. In relation with this aspect the pozzolan PZ-B that is in
another region, it shows a low content of SiO,, which classifies as a basic material but not
acting in detriment of the pozzolanic activity index. It is very common that these materials
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are found partially cemented with a vitreous paste with several degrees of alteration. The
mineralogycal-petrologycal characteristics and the diagenetic processes affecting reach
deposit, in particular can be consulted in Table 3.

Mexican tuffs (compacted materials) used as pozzolans have a first characteristic in their
components (pyroclastic and matrix) in which outstanding process is zeolitization, which
shows the great capacity, that volcanic materials have to produce this diagenetic
transformation [8]. A zeolitic mineral identified (X-ray) in pozzolans, PZ-H and PZ-I is
clinoptilolite. It is clear that there exists an important association between the alteration of
the vitreous matrix of these tuffs with the presence of a pair of mineralogical species of
diagenetic origin of zeolite type, evidence that has been proved in laboratory tests by Sersale
[9]. As in the case of incoherent materials, its characteristics are shown in Table 3.

X-Ray Diffraction

By means of the X-ray diffraction patterns, the following constituents were identified at
natural pozzolans: feldspars, quartz, cristobalite, clay minerals as chorite-montmorillonite and

zeolitic compounds as clinoptilolite. Results are given in Table 4.

Table 3 Mineralogical and Petrological Characteristics of Natural Pozzolans

POZZOLAN/ MINERALOGICAL SPECIAL CHARACTERISTICS
CLASSIFICATION COMPONENTS (ESSENTIAL)

PZ-A G and pumice lithics Pyroclastic texture

Tuff Vitreous Acid (*) Voids and fluid structure
PZ-B AN, Q, G, Andesite and Dacite Pyroclastic texture

Tuff crystal-vitreous Dacitic (*)

Pz-C
Tuff vitreous-lithic Rhyolitic (*)

PZ-H
Tuff vitreous Rhyo-dacitic ®

PZ-1
Tuff crystal-vitreous-lithics
Andesitic ®

PZ-]
Tuff vitreous Rhyolitic (*)

Notes: OL: Oligoclase
AN: Andesine
G: Glass

Lithics

G, Q,OL and pumice

OL, Q, G and Andesite, dacite and
pumice lithics

OL, AN, G and volcanics lithics

G, Q,Sand OL

Q: Quartz
S: Sanidine
R: Rock

Devitrification 20%
Andesite and dacite lithics
altered by sericite 10%
Pyroclastic texture
Voids structure
Lithics sericitized and oxided
less than 10%
Pyroclastic texture
Voids structure
Devitrification less than 30%
Lithics altered of dacite and
andesite
Pyroclastic texture
Voids and cracked structure
Devitrification 100%
Some crystal dissolution
Matrix quartz-feldespatic
Mafics altered to clay
Pyroclastic texture
Voids and fluid structure
Devitrification 10%

: Incoherent material

L]

* ® & o o o o o o o
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Natural pozzolans

In the pozzolans it is possible to find characteristics easily measurable and correlate with their
activity. Among these characteristics, the chemical composition plays an important part. In
the Table 5. It can be seen that the chemical composition of Mexican natural pozzolans have
a strong acid character, having a high (SiO, + Al,O3) content ranging around 75 to 84% of
the total. Between the two oxides, silica prevails in all cases; it reaches percentages greater
than 55%.

The importance of the content (SiO, + AL,O3) is clearly emphasized by the fact that the active
vitreous phases of pozzolans generally are richer in silica and alumina content. Chemical
composition of Mexican natural pozzolans either incoherent and tuffs are rich in silica. It is
important to emphasize that the total alkalis content in Mexican pozzolans, is lower than
6,9%, whereas the loss on ignition is between 3,3-13,3% and the content of other elements
like lime is less than 7%.

Chemical Analysis

The natural pozzolans to use as a mineral admixture in portland cement must meet certain
chemical and physical requirements. For instance, ASTM C 618 Class N admixtures must
have a minimum content of 70% in SIO, + Al,Os; + Fe;Os;, whereas Mexican natural
pozzolans have between 76,5 to 86,2%. This chemical requirement is arbitrary for the
purpose, and does not have direct relationship with properties of material. Although, the
importance of the content (SIO, + Al,O3) is emphasized by the fact that the active vitreous
phases generally are richer in silica and alumina content. The Mexican natural pozzolans
show a strong acid character, having a (SIO, + Al,O3) content ranging around 75 to 84% of
the total.

Table 4 Mineralogical Identification by X-Ray Diffraction of Natural Pozzolans

POZZOLAN MINERALS IDENTIFIED IDENTIFICATION
PzZ-A F, Q and Crt Cl: Chlorite

PZ-B F and Crt M: Montmorillonite
PZ-C F Crt: Cristobalite
PZ-H CI-M, Q, Clpand F Q: Quartz

PZ-1 Q, Crt, F and Clp F: Feldspar

PZ-] Crtand F Clp: Clipnoptilolite

Fly ash (FA) and silica fume (SF)

The silica content in FA is 57,7% and 73 % in SF; it is important to say that FA has a strong
acid character due to it has a high (SiO; + Al,O3) content (85%); this is the main indication
of its pozzolanic activity. The silica fume has a high silica content (73%); however do not
meet with specified with ASTM C 1240 (13) the minimum content is 85%.
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Pozzolanic Activity with Lime

The evaluation of pozzolanic activity is essential to consider and utilize a material as
pozzolan. Lea [10] has proposed different methods to evaluate it. Mechanical strength tests
nowadays are a basic complement to the petrographic and chemical methods. Besides, the
two fundamental pozzolan characteristics are: a) ability to react with lime and b) ability to
form products with binding properties [8]. According to results shown in Table 5,
compressive strength of Mexican natural pozzolans ranged between 4,78 to 6,58 MPa, one
case was less than 5,39 MPa specified by the ASTM Standard C 618.

It is well known that one of the fundamental conditions for a rapid zeolitization is the
structure of finely subdivided volcanic glass [11]. In fact most easily zeolitizable pozzolans
are those which have a more marked hydraulic activity as those presented mainly in PZ-H
and PZ-I deposits. This reaction produces neohydrated phases (hydrated calcium silicates
and aluminates in excess of lime) which are important to form binding compounds, which is
very advantageous when the material contains silica and alumina easy mobilized, this is typic
of amorphous structures and particularly of acid glasses [11].

In this study the materials containing zeolites were detected and they presented more
reactivity than those containing vitreous constituents, this confirms work cited by R. Sersale
[11]. This is due to probably to the more open porous structure of the zeolites, therefore more
likely to be attacked. Indeed these pores allow chemical agents to penetrate, attacking their
crystalline structure destroying and liberating silica, alumina and alkalis, the first of which
combine with lime.

Pozzolanic Activity with Portland Cement

Although the principal pozzolanic reaction is the chemical reaction involving lime and silica,
cementitious products are also formed as a result of the chemical reactions between lime,
alumina or iron oxide. The essential difference between the pozzolanic reactions and the
reactions involving the hydratation of portland cement alone is not in the composition of the
hydration products [12].

The behavior of the Mexican natural pozzolans shows different compressive strength of the
mortars pozzolan-portland cement mixture regard to Portland cement alone. Mechanical
strength tests are still today the indispensable complement to chemical and physical methods.
According to Table 5 strength activity index with Portland cement ranging of 91-103,1% at
28 days old, which over 75% specified by ASTM standard C 618 [13]. The pozzolans which
contain zeolitic minerals as clinoptilolite they have a marked increase hydraulic activity as
PZ-H (103,1% and 6,58 MPa) and PZ-1 (97,3 and 5,98 MPa).

Fly ash (FA) and Silica Fume (SF)
In regard to fly ash exhibit a pozzolanic activity of 72%, but is lightly less to 75% according

to specified by the ASTM C 618. Silica fume has a pozzolanic activity with Portland cement
of 130%, however it has 73% of silica.
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Table 5 Physical Properties and Chemical Analysis of some Natural Pozzolans,
Fly Ash and Silica Fume

PzZ-A  PZ-B PZ-C PZ-H PZlI PZ-]  FA SF

Physical Tests

Fineness , - passing 45 pm, % 93.9 93.6 93.6 93.8 94.5 94.6 32 63.0
Chemical Analysis, %
SiO, (S) 69.2 551 70.1 62.1 648 69.1 577 73.1
ALO; (A) 13.6 19.9 13.9 11.6 14.1 147 272 83
Fe,0; (F) 2.8 6.4 22 2.8 1.5 2.1 5.5 -
S+A+F 856 814 862 765 804 859
CaO 1.8 6.4 1.0 5.8 3.1 1.7 4.4 1.5
MgO 1.0 3.9 0.5 1.7 0.6 0.8 0.8 13.3
SO, 0.1 0.1 0.1 0.1 0.2 0.1 05 0.4
Na,O 292 256 296 1.04 1.28 2.88 - -
K,O 320 244 5098 1.94 1.76 520 - -
Equivalent alkalis (as Na,O) 5.02 4.17 6.89 2.32 2.44 6.30 - -
Loss on ignition 5.0 4.2 33 13.3 10.7 3.6 2.6 3.0
Pozzolanic Activity with Portland Cement
Activity index at 28 days 909 909 985 103.1 973 946 72 130 *
Pozzolanic Activity with Lime
Compressive Strength at 7 days, MPa 6.58 4.78 5.75 5.93 5.98 5.64 - -
* At 7 days

Results of Tests Performed According to ASTM C 1012 Method

Due to the expansion value is normally used to indicate the extent of sulfate attack. With the
standard ASTM 1012 Test Method for Length Change of Hydraulic-Cement Mortars
Exposed to a Sulfate Solution is possible to evaluate the performance of mortars made with
Portland cements, blended cements, and blends of Portland cement with some supplementary
cementing materials producing a sulfate-resisting cement mortar. The primary cause of the
sulfate attack in mortars or concrete is the reaction between the C3A present in the Portland
cement and the sulfate ions (SO42') from the environment, resulting in the formation of
expansive ettringite. The formation of gypsum, another expansive product, also takes place
due to the reaction with Ca(OH),, a by-product of cement hydration and the sulfates.
Although recent publications in the last 10 years dealing with physical sulfate attach,
chemical sulfate attack, both internal and external (DEF), and holistic approach about sulfate
attack. This paper deals to find which are the better supplementary cementing materials that
can be used in Mexico to avoid that concrete structures suffer sulfate attack when are in
service in a aggressive environmental of sulfate.

An experimental program was performed on the sulfate resistance of portland-pozzolan
cements and blends with fly ash or silica fume with Portland cement replacement different
levels of these materials, and reference mortars made with ASTM Type I, IT and V cements.
The results of performance tests on mortar bars exposed sulfate attack in 5% solution over a
period of 52 weeks for the pozzolanic cements and FA-PC and SF-PC are shown in Table 6.
The portland-pozzolan cement (CPZ-H, CPZ-I, CPZ-A and CPZ-J) mortars showed the
lowest sulfate expansion at 52 weeks, so are considered of very high resistance sulfate attack.
Figure 2 followed by, and the reference Type V cement mortar (Figure 1), in that order
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(Figure 2). These cements contain pozzolans with very good pozzolanic activity forming
products with binding properties improving the resistance sulfate. Instead, the reference
Type II cement considered moderate sulfate attack resistance has a greater expansion than the
pozzolanic cements at 52 weeks, besides mortar bars showed little cracks. The change length
of the reference Type I and II are also illustrated in Figure 1. ASTM Type I has expansion
very high at ages early (after 8 weeks) and the mortar bars are curved and with big cracks.
ASTM Type II showed great change length after 26 weeks. Obviously, ASTM Type I is not
resistance sulfate attack.

The performance of blends with fly ash-Portland cement show a moderate resistance sulfate
attach with replacement level of 20% because it presents an expansion less than 0,1% at six
months (26 weeks). With 30% of replacement resulted of high resistance and with 40 and
60% replacement levels showed an expansion less than 0,05% at 52 weeks being considered
of very high resistance sulfate attack. The relative order of improvement is shown in Figure 2
Although the fly ash has a pozzolanic activity less than specification requirements of ASTM
C 618 [15] and it is not very fine it is able to improve the sulfate resistance maybe by the
dilution effect alone or part fly ash composition has constituents vitreous able to produce
cementing compounds that improve the sulfate resistance. When is used silica fume
replacement, the mortar bars show a good performance, all of the replacement levels improve
sulfate resistance. The relative order of improvement found in this investigation is shown in
Figure 2.

Petrographic Examination of Mortar Bars

In the Figure 3 are shown the mortar bars features seen under field sterioscopic microscopic.
The microphotograph 3a) shows a great amount of cracks on all of surface of the bar mortar
of ASTM Type I Portland cement exposed for 4 months in sulfate solution. The cracks
showed salt precipitation and have irregular shapes and ramifications. Mortar presents a bad
quality.

Table 6 Performance of sulfate attack at pozzolanic cements and blends with Silica Fume
and Fly Ash and Portland Cements

PC-1 PC-II PC-V CPZ-A CPZ-B CPZ-H CPZ-1 CPZ-J] CPZ- CPZ- SPECIF.
J1.  ATC ASTMC

Type 1157
MS HS
26 weeks >1 0,1 0,042 0,027 0,055 0,016 0,017 0,024 0.036 0.039 0.1 0.05
52 weeks 0,35 0,082 0,031 0,084 0,033 0,030 0,042 0.057 0.062 0.1
FA20- FA30- FA40- FA60- SF10-PC SF15- SF20-PC
PC PC PC PC PC
26 weeks 0.057 0.04 0.019 0.016 0.027 0.027 0.016 0.1 0.05

52 weeks 0.113 0.08 0.034 0.020 0.042 0.042 0.034 0.1
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Figure 1 Performance of Portland cements exposed sulfate attack
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Figure 2 Expansion of mortar bars with different type of supplementary cementing
material at 26 weeks and 52 weeks in 5% of Na,SOj solution

The combination Portland cement-fly-ash with 20% replacement -FA20-PC-(Figure 3b) at
one year exposed in sulfate solution shows some cracks mainly in edge of bars. They do not
show ramifications. These cracks are partially filled with salt precipitation. Regarding the
combination Portland cement-fly-ash with 60% replacement, Figure 3¢ at one year exposed in
sulfate solution shows a homogeneous texture out cracks practically does not have damage.
Mortar is qualified of good quality.

The combination SF10-PC (Microphotograph 3c) at one year exposed in sulfate solution
shows a mortar of good features. Only it was observed some little cracks, neither there is
damage evidence, and it is qualified of good quality.
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In the case of pozzolanic-portland cements mortar bars at one year exposed in sulfate solution
have a good performance, it was observed some little cracks. There is not damage evidence,
and mortars are qualified of good quality.

It is important to consider of different types of attack sulfate, because nowadays there
controversies about this subject. Frequently, physical attack by salt crystallization is being
confused with classical attack which involves chemical interaction between sulfate ions from
an external source and the constituents of cement paste or about internal —a chemical attack in
which the source of sulfate ions reside in the concrete aggregates or cement [18].

a) ASTM Type 1 Portland Cement-1. b) Combination FA20-PC. A year age
4 months age

¢) Combination FA60-PC. A year age d) Combination SF10-PC. A year age

Figure 3 Microphotographs of different mortar bars observed under field
stereoscopic microscopic
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CONCLUSIONS

The Mexican natural pozzolans are characterized to be of pyroclastic origin, with diagenetic
processes in a different scale; these processes were identified by means of the used test
methods as: devitrification, sericitization, chloritization, oxidation and zeolitization.

Representative minerals of this lithological groups are: glass, oligoclase, andesine, quartz,
pumice and volcanic lithics mainly of acid composition.

The principal finding from this study is that substantial sulfate resistance can be achieved
equal to, or greater than Type II and V by using portland-pozzolan cements. This is
particularly significant because the pozzolans used that show high pozzolanic activity
increase sulfate resistance when are added as a mineral admixture. Mainly when the
pozzolan contains zeolitic minerals as pozzolan PZ-H and PZ-I even containing less than 20
% in the cement, showing expansion less than 0,05%, how present very low expansion they
can be considered of very high sulfate resistance, so CPZ-A and CPZ-J. The CPZ-B, CPZ-J1
and CPZ-ATC cements show expansion less than 0,1% a year and they can consider of high
sulfate resistance.

The low expansion levels of mortars (less than 0,05%) at one year containing supplementary
cementing materials are indicative of a total protection sulfate attack.

From this work was concluded that all of fly ash and silica fume replacement improve sulfate
attack in a different grade, considering that by using fly ash replacement 40 and 60% and
silica fume 10, 15 and 20% have a very high sulfate resistance.
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RESISTANCE OF PLAIN AND BLENDED CEMENTS UNDER
DIFFERENT SULFATE ENVIRONMENTS
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ABSTRACT Sulfate resistance of plain and blended cements under different sulfate
environments is experimentally investigated in this paper. A total of eight different cements
were used for the production of mortar specimens. All specimens were immersed in two
different solutions: a 5% Na,SO4 solution and a 2.5%Na,SO4 + 2.5% MgSO4 solution.
Length change measurements were taken for a time period of two years. At the age of
2 years, compressive strength as well as flexural strength measurements were taken for all
mixtures. Results indicate that fly ash blended cements have a very good performance in both
curing environments.
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INTRODUCTION

Sulfate attack is one of the mechanisms minimizing the effective life of concrete structures.
Sulfates usually exist in significant concentrations in underground water and attack mainly
underground concrete structures. The attack mechanism mainly depends on the cation of the
salt [1]. In the case of Na,SOs, cementitious matrix of the material is corroded through the

formation of crystalline compounds of ettringite (C 6A.§‘3 H,) and gypsum (C SH 5)-

CaOH + Na,SO4 +2 H,O — CaSO4 .2H,0 + NaOH 1)
C4AH,3 + 3 CaS04.2H,0 + 14 H,O — 6CaOH.Al,03.3H,S04.32H,0 + CaOH 2)
4CaOH.Al,03.H;S04.12H,0 + 2CaOH.H,S04.2H,0 +16H,0 —

6CaOH.ALL,03.3H,S04.32H,0 3)
C3A +3CaS04.2H,0 + 26H20 — 6CaOH.Al,03.3H,S04.32H,0 “4)

Since ettringite is expansive in nature (it has a density of 1.73 g/cm2 compared with an
averaged density of 2.50 g/(:m2 for the other products of hydration), expansion and cracking
of concrete are the results of sulfate attack caused by Na;SOy4 [2]. The principal methods
available to limit sulfate attack caused by Na,SOy is the use of cements with lesser amounts
of C3A such as ASTM Type II or Type V Portland cements instead of Type 1 Portland
cement. An alternative method is the use of additives — such as natural pozzolanas, fly ashes
or silica fume. These materials decrease the total amount of C3A available in the mixture,
when they replace a portion of the cement. On the other hand they help by reducing the total
Ca(OH), content available in the mixture, as following:

n,0
_ Silica + Portlandite —> Secondary C-S-H %)
(from pozzolan) (from cement) Normal Temperature

The attack mechanism is different in the presence of MgSO4:

CaOH + MgS0Oy4 + 2H20 — CaOH.H;S04.2H,0 + MgOH (6)
CxSyHz+xMgSO4 + (3x-0.5y-z)H,0—>x CaOH.H,S04.2H,0+xMgOH+0.5y2Si0,.H,0 (7)
4MgOH + SHn — M,SHgs + (n-4.5)H,0 (8)

Magnesium Hydroxide formed in Equation (6) is insoluble and its saturated solution has a pH
value equal to 10.5 instead of 12.4 and 13.5 which is the pH value of saturated solutions of
Ca(OH); and NaOH respectively. The consequences of this low pH value can be summarized
as follows [3-5]: i) Secondary ettringite will not form (not stable in low pH values);
i1) MgSO, reacts with CSH to produce gypsum, brucite (MgOH) and silica gel (S;H)
(Equation 7); iii) CSH tends to liberate lime to raise the decreased pH. Liberated lime reacts
further with MgSQO4 producing more MgOH (Equation 6); iv) concentration of gypsum and
brucite will increase while CSH is destabilizing and becomes less cementitious;
v) magnesium silicate hydrate formed by the reaction of brucite with hydrosilicates
(Equation 8) is non-cementitious.



Resistance Under Sulfate Environments 75

The main cause of deterioration due to MgSQy is therefore the conversion of CSH in a
fibrous, amorphous material with no binding properties [3]. Protection solutions against
Na;SO,4 mentioned above are less effective in the case of MgSO4 environments simply
because there are different mechanisms to be faced: C3A, C4AF and their hydrates are not
involved in equations 6 to 8 whereas Ca(OH),, which is the primary reactant constituent in
Na,SO4 environments (Equation 1) constitutes in MgSO4 environments the first line of
defense by protecting CSH. It is well documented [5] that mixtures having sufficient
resistance against Na, SOy attack (such as blended cements and especially silica fume blended
cements) suffer extended deterioration in MgSO, environments. In the latter those mixtures
performed worst even from portland cement mixtures mainly because of their low content of
portlandite [3, 5-6, 8].

Although there is a sufficient and clear view for the behavior of different mixtures under
magnesium or sodium sulfate attack, there is little information concerning the influence of
additives on the behavior of mixtures under mixed sulfate solutions [1, 7]. In this work the
influence of additives in the performance of mixtures under mixed sulfate solution is
experimentally investigated and compared with the corresponding one under sodium sulfate
solution.

MATERIALS AND METHODS USED

The cements used were one normal portland cement and six blended cements, all of them
produced in the laboratory by grinding together clinker, the appropriate pozzolanic material
and gypsum (CaSO4.H,0). The gypsum content was different for each mixture, in order to
keep the total SO3 content of the binder (clinker + pozzolan) equal to 3.5%. A commerciall
available cement, type II/A-M 32.5N according to EN 197-1 was also used, for comparison
reasons. The pozzolanic materials used were a greek natural pozzolan of volcanic origin,
Milos’ Earth (ME) and two lignite fly ashes, Megalopoli fly ash (MFA) and Ptolemaida
treated fly ash (PFA) Chemical composition of those materials, as well as the one of portland
clinker are presented in Table 1.

Table 1 Chemical composition of the materials used

_ OXIDE 1132.5N MILO’S  MEGALOPOLI'S PTOLEMAIDA’S
CONTWF;;'T (% CLINKER  (pViENT  EARTH(ME)  FLY ASH (MFA)  FLY ASH (PFA)
Si0, 2 28 65.9 47.08 45.15

Free SiO, - - 23.21 15.69 22.58
ALO; 52 9 15.7 18.62 17.50
FexOs 1.9 55 3.95 6.72 8.18
Ca0 65.4 48.0 40 17.50 14.87

Free CaO 1,53 - - 2.96 1.64
MgO 2.0 22 1.4 381 3.44

S0, 13 32 ) 3.28 472
Na,O 05 05 5.65 0.68 ;
K,0 1.0 15 1.52 ;
Fineness (retainer 529 64 62.9 65.5 26

%R45)
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'I'he cements produced are presented in Table 2.

Table 2 Cements used for mortar production

MIX SO; CONTENT OF
NO MIXTURE CEMENT TYPE THE MIXTURE
CLINKER+GYPSUM

1 142.5N 93,58% clinker+6,42% gypsum 3.5%

2 1132.5 CEM II32.5N 3.2%

3 10%ME 10%ME+84.24% clinker+5.76% gypsum 3.5%

4 30%ME 30%ME +65.52% clinker+4.48% gypsum 3.5%

5 10%MFA 10%MFA+84.78% clinker+5.22%gypsum 3.5%

6 30%MFA 30%MFA+67.57% clinker+2.43%gypsum 3.5%

7 30%PtFA 30%PtFA+66.18 clinker+3.92%gypsum 3.5%

8 40%PtFA 40%PtFA+58,61clinker+1,38%gypsum 3.5%

9 50%PtFA 50%PtFA+49,36%clinker+0,64%gypsum 3.5%

All mixtures were produced according to German Standard DIN 1164 using EN-196-1
standard sand. Mixtures immersed in Na;SO4 solution were prepared first. The water/binder
ratio was different in order to achieve the same flow for all mixtures. Mixtures of second sere
(immersed in mixed solution) prepared with a water/binder material ratio equal to 0.45. In
this case different dosages of superplasticizer (Daracem 205) were added in order to keep the
flow constant. The water/cementitous material ratio and the dosage of superplasticizer are
presented in Table 3.

Table 3 Water/binder materials ratio of produced mortars

MIXTURES IMMERSED MIXTURES IMMERSED
IN Na ,SO4 SOLUTION IN MIXED SOLUTION
Mixture w/binder ratio  Flow meter Mixture w/binder Superplasticizer
(Yowt) (%) ratio (%wt)  (%wt cem. mat.)
142.5N 0.456 114.75 142.5N 0.45 1%
11 32.5N 0.53 114.5 I132.5N 0.45 1%
10% M.E. 0.48 111.5 10%ME 0.45 1%
30% M.E 0.52 113.5 30%ME 0.45 1%
10%MFA 0.48 105 10%MFA 0.45 1%
30% MFA 0.567 110 30%MFA 0.45 1%
30% PtFA 0.50 79.75 30%PtFA 0.45 2%
40% PtFA 0.55 94.25 40%PtFA 0.45 2%

50% PtFA 0.58 100 50%PtFA 0.45 3%
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RESULTS AND DISCUSSION

Sulfate resistance was measured according to ASTM C-1012 [9]. Length change as well as
bending flexural strength was measured at mortar prisms (40x40x160 mm) whereas cube
specimens (50x50x50 mm) were used for compressive strength measurements. All specimens
cured in warm curing room with relative humidity 95-98% and temperature of 35 °C until
their compressive strength, measured on 50 mm cubes became equal or greater than 20 MPa.
This happened for most mixtures after 24 hours. Only the 32.5N, 30% ME and 50% PFA
specimens had to remain for 48 hours in the above room in order to achieve the 20 MPa
strength. After that point they were immersed in the above aggressive solutions in a
temperature of 20 °C.

Additional specimens were produced for both series and cured in a curing room with relative
humidity 95-98% and temperature of 20 °C after their initial curing in the as above
mentioned chamber. Length change measurements were taken up to the age of 2 years or the
final deterioration of specimens, whichever happened first. Compressive and flexural strength
measurements were also performed at the final test age. Length change measurements are
presented in figures 1-2 whereas strength measurements are presented on Tables 4 and 5.

—e—1425  —B—I325N  —A—10% MFA —%—30% MFA —%—10% ME
|—8—30%ME —®—30%PIFA ——40% PIFA —=—50%PtFA
0.6

0,5
0,4
0,3
0,2

CHANGE IN LENGTH

28 6291 105 120 180 240 360 480 600 660 720
IMMERSION PERIOD (Days)

-0,1

Figure 1 Length change measurements of specimens immersed in 5% Na;SO4 solution

|——1425 —=—[132.5  —A—10%MFA —<30%MFA —%—10%ME
——30%ME__ —®—30%P{FA ——40%PtFA —50% PtFA
0.6

0,5
0.4
0.3

0,2

CHANGE IN LENGTH

0,1

0O 7 14 21 28 49 90 105 119 150 240 365 550 630 730

IMMERSION PERIOD (days)
Figure 2 Length change measurements of specimens immersed
in 2.5%Na;SO4 + 2.5%MgSO; solution
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Table 4 Compressive and flexural strength reduction (%), final expansion (%), deterioration
age and first crack observed age (months) for all mixtures immersed in Na,SO4 solutions

COMPRESSIV FLEXURAL

vixTurg ESTRENGTH — STRENGTH EXPANSIO  DETERIORATIO  [IRST
REDUCTION  REDUCTION N (%) N AGE (months) "t
(%) (%)

142.5N 30 67.5 1.1 6-8 6

11 32.5N 15.4 -3.5 % 0.0354 Not deteriorated 16

10% ME 26.3 79.7 0.79 16-20 8

30% ME 0.4 443 0.0484 Not deteriorated 20
10% MFA - - 0.5443 4-6 No cracks
30% MFA 30 - 0.4081 4-6 No cracks
30% PtFA 19 17 0.049 12-16 No cracks

40% PtFA 153 14.7 0.0552 16-20 16
50% PtFA -0.8 * -153 * 0.0224 Not deteriorated No cracks

Compr. Strength reduction = reduction to the compr. strength measured at the deterioration age due to
sulfate attack

Flexural Strength reduction = reduction to the flexural strength measured at the deterioration age due
to sulfate attack

(-) : Totally deteriorated, not measured

(*) : Strength increased

Table 5 Compressive and flexural strength reduction (%), final expansion (%), deterioration
age and first crack observed age (months) for all mixtures immersed in mixed solutions

COMPRESSIV FLEXURAL FIRST

MIXTURE E STRENGTH STRENGTH EXPANSI DETERIORATIO CRACK

REDUCTION REDUCTION ON (%) N AGE (months) hs)

(%) (%) (months

[ 42.5N 61.09 69.18 0.4583 Not deteriorated No cracks
I1 32.5N 44.8 11 0.0344 Not deteriorated No cracks
10% ME  59.73 24.74 0.0781 Not deteriorated No cracks
30% ME  69.01 24.73 0.07 Not deteriorated No cracks
10% MFA 69.61 38.02 0.0625 Not deteriorated No cracks
30% MFA 65.3 19.41 0.074 Not deteriorated No cracks
30% PtFA  66.05 36.5 0.075 Not deteriorated No cracks
40% PtFA  66.96 23.08 0.0469 Not deteriorated No cracks
50% PtFA 61.6 14.04 0.0583 Not deteriorated No cracks

Compr. Strength reduction = reduction to the compr. strength measured at the deterioration

age due to sulfate attack
Flexural Strength reduction = reduction to the flexural strength measured at the deterioration

age due to sulfate attack
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Length change expansion
i) under Na,SO, solution.

Different results are obtained when the sulfate resistance of the mixtures is examined. The
10% MFA mixture is the one with the greatest expansion from the age of 2 months, whereas
all MFA mixtures started to deteriorate after exposure of 16 to 24 weeks (4 to 6 months)
(Figure 1). Deterioration was very sudden. The control mixture performed cracks at the age
of 6 months and from that point onwards deteriorated very fast, between 6 and 8 months.
Mixture produced with commercial cement (CEM 1132.5N) had a very good performance
during the period of the test. In that case cracks

appeared after 16 months of exposure. No deterioration was observed until the age of 2 years.

Mixtures produced with natural pozzolans had a better sulfate resistance performance. The
10% ME mixture started to expand from the age of 4 months, cracks appeared at 8 months
and it deteriorated between 12 and 16 months. The 30% ME mixture did not deteriorated
during the period of the test. This mixture also suffered small expansion whereas it showed
its first crack at the age of 20 months.

I 42.5

0% MV A\ 1
& months 2 vears

a) Na,SO, attack b) Na,SO, + MgSO; attack

Figure 3 Mode failure due to sulfate attack

Sulfate resistance of PtFA mixtures was satisfactory. Those mixtures underwent small
expansions through the first year of immersion whereas the 30% showed signs of shrinkage
during the first months. Deterioration occurred first on the 30% PtFA mixture, between 12
and 16 months. No cracks were observed at earlier ages. The 40% PtFA specimens
deteriorated next, between 16 and 20 months. Specimens produced with 50% PtFA mixtures
did not deteriorate until the end of the test.

Most of the mixtures produced with blended cements performed better sulfate resistance than
the control mixture, although they had higher w/binder ratios. It also seems that as the
replacement of clinker by a pozzolanic material increases, the sulfate resistance of the
mixture also increases. This conclusion, which is in accordance with other research results
[10-12], indicates that the decrease of C3A content of the mixture is more critical than the



80 Sideris, Savva

total porosity (which increases as the w/binder ratio also increases) when sulfate resistance is
of primary interest. OPC mixture, as well as mixtures prepared with low pozzolan content
cement, had the smallest sulfate resistance. Those mixtures also had the lowest w/binder ratio
and the lowest total porosity [13].

i) under Na;SO4+MgSOy solution.

Length change of all mixtures immersed in the mixed solution was different. No deterioration
occurred during the 2 years time immersion period. The control mixture was the one who first
started to expand from the age of 8 months (240 days). This mixture also had the greatest
expansion at the age of 2 years, almost six times the expansion of 10% ME mixture (Table 5).
The mixture produced with I1I132.5N cement had a very satisfactory sulfate resistance during
the 2 years immersion period.

Mixtures produced with natural pozzolan had the worst total performance among all blended
mixtures immersed in mixed solution The 10% ME mixture performed the second greater
expansion after the one of the control specimen. On the other hand, the 30% ME mixture
performed the smallest expansion among all blended cements with a 30% additive,
irrespective of the material added.

Fly ash mixtures performed well at general, especially those produced with PtFA. MFA did
not deteriorate and did not performed any cracks during the period of the test. Those mixtures
had the worst performance when immersed in Na;SO4 solution. PtFA mixtures performed
the smallest expansion among all blended mixtures tested, especially when the material
replaced cement at percentages of 40% and 50%.

Strength reduction

Regarding strength reduction of mixtures due to Na,SOj sulfate attack, it appears that the use
of blended cements is generally effective (Table 4). Residual compressive strength of all
blended cement mixtures is less affected or even equal (in the case of 30% MFA) to the
strength of the control mixture. The same conclusion is drown for the flexural strength
(except the flexural strength of 10% ME). All MFA specimens were totally deteriorated
(Figure 3). This happened very suddenly, so the residual strength could not be measured.

Compressive as well as flexural strength increases in the 50% PtFA mixture. Those
specimens also demonstrated the smallest expansion (Table 7) whereas they did not
deteriorate and developed no cracks during the whole immersion period. According to other
researchers [14], compressive strength of specimens immersed in Na,SO4 solutions initially
increases beyond that of the control due to the pore filling by the reaction products of sulfate
attack. Subsequently, the disruption of the cement matrix by those reaction products resulted
in a strength decline. This means that in these cases the deterioration due to sulfate attack is
very much prolonged, since the phenomenon is still in the first stage. It is also noticeable that
those specimens were produced with the higher w/binder ratio (Table 3).

Compressive strength of mixtures immersed in mixed solution was significantly reduced
(Table 6). This reduction is the result of the MgSOy deterioration mechanism [1]. Although it
it well documented ([1, 3, 6-8] that compressive strength of blended mixtures is more
affected than the one of portland cement mixture under MgSOj attack, this is not valid for the
specimens immersed here in the mixed solution. All mixtures performed almost the same
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reduction in compressive strength, but not in flexural strength as well. In this case specimens
of the control mixture suffered the greater reduction whereas blended mixtures with great
content of pozzolanic material (30% ME, 30% MFA and 50% PtFA) did not.

The failure mode under different sulfate environments is presented in Figure 3. In the case of
Na,SO, solutions deterioration is associated with the development of cracks (Figure 3a).
Those cracks initially appeared at the edges of the specimen and gradually moved to its
interior. Formation of crystalline compounds of ettringite as described in Equations (1) to (4)
was mainly responsible for this phenomenon.

On the contrary, there were not any cracks in the case of mixed solutions (Figure 3b)
although significant expansions were also observed. A thin layer of brucite formed on the
major part of specimens’ surface whereas deterioration also started from the edges of both
prisms and cubes. Hydrated cement paste in these areas changed to a cohesionless granular
mass which dissolute in the solution and left the aggregates exposed. This is mentioned
elsewhere [6] as acidic type of sulfate attack.

CONCLUSIONS

Blended cement mixtures performed the best against Na,SOj attack. It was also observed that
the resistance of the mixture increased as the pozzolan content also increased. It is also
noticeable that those mixtures were prepared with the higher water to binder ratio.

Those mixtures also had a very good performance against attack caused by the mixed
solution. Blended cement mixtures suffered a compressive and flexural strength reduction
almost equal to the one of the control mixture, but they performed significantly smaller
expansion.

The attack mechanism under mixed sulfate solution could be explained as the simultaneous
presence of two different mechanisms: the one of Na,SOy attack (causes the expansion), and
the one of MgSO, attack (causes the compressive and flexural strength reduction). It is
proposed therefore to measure both length change and strength reduction of mixtures
immersed in mixed solutions in order to investigate their resistance under this kind of sulfate
attack.

Regarding the influence of the materials used in this research, it seems that addition of natural
pozzolan, although it has a beneficial effect on Na,SOj4 resistance of the mixture, results in
less resistant mixtures under mixed solution attack. Among the lignite fly ashes used, PtFA
has a beneficial effect, especially when it replaces cement at high contents, whereas MFA has
a catastrophic effect in Na;SOy solutions and a negative one in mixed solutions.

Results reported here are limited for the mixtures and solutions used in this research, since
specimens immersed in Na,SO4 had greater porosity and were more permeable. Although it
seems this was not reflected in their sulfate resistance (on the contrary, mixtures with the
highest w/binder ratio performed the best sulfate resistance), further research has to be done
in order to obtain a more representative icon regarding the attack mechanism as well as the
influence of additives under different sulfate solutions.
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DURABILITY OF CONCRETE MADE WITH PORTLAND
COMPOSITE CEMENTS CONTAINING LARGE QUANTITIES
OF MINERAL CONSTITUENTS
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ABSTRACT. In the paper performance characteristics of concrete made with Portland
composite cements CEM II/B have been described. For investigation Portland-limestone
cement, Portland-fly ash cement and Portland-slag cement containing respectively up to 35 %
of limestone, fly ash or granulated blast-furnace slag were used. The investigation program of
the concrete mixes covered standardised properties and some additional performance
characteristics creating concrete durability. Frost resistance, sulphate resistance, permeability
and porosity of concrete specimens were tested. It was stated that some non-clinker
constituents of cement positively create performance properties of concrete with respect to
durability. A high resistance against sulphate attack of Portland-fly ash cement have been
proved. On the base tightness and permeability measurements of concrete specimens a very
favourable influence of fly ash and slag Portland cement on cement matrix structure have
been confirmed.
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INTRODUCTION

Using of non-Portland clinker constituents in the cement technology is conditioned by some
factors, which improve efficiency of cement production process. It is connected with
replacement of energy-consuming clinker in cement by cheap secondary composites often
waste materials. Ecological aspects to reduce CO, emission are also very important. On the
other hand, non-clinker composites of cement play a significant role in shaping the processes
of hydration and hardening of cement. Composite Portland cements containing Pozzolanic
and hydraulic non-clinker constituents are characterised by many performance properties,
which advantageously create durability parameters of concrete. This is a very important
factor, which is responsible for large scale of production of cements containing mineral
additives and universality of their application in concrete technology. The new cement
standards that are elaborated according to the European Commission directives for CE
marked products covers many kinds of cements containing large quantities of very different
non-clinker constituents [1]. At the national levels, implementation of the European Standard
makes the users afraid of durability of concrete made of some cements. So, the necessity
of more detailed assessment of new kind of cements on account of durability features of
concrete is especially important to choose proper cement for concrete constructions.

MATERIALS AND TESTING METHODS

The following commercial cements have been investigated:

e Portland-fly ash cement CEM II/B-V 32.5,
e Portland-slag cement CEM II/B-S 32.5 R,
e Portland-limestone cement CEM II/B-L 32.5.

As reference cement, Portland cement CEM I 32.5 R has been used. The normative properties
of the cements have been specified in Table 1. The investigation program of the cements
covered the following measurements: heat of hydration, concrete properties and resistance
against sulphate corrosion. The heat of hydration of the cements was determined by usage
of semi-adiabatic method, in accordance with the standard EN 196-9 [2]. The investigation
of concrete was carried out on concrete mixtures and testing procedures as defined by
the concrete standard EN 206 [3]. Resistance of cements to sulphate corrosion was
investigated in accordance with the pr ENV 196-10 [4].

Table 1 Physical and mechanical properties of cements
(All tests were made according to the EN 196 Standard)

NON-CLINKER ~ WATER TSIE/[TF:F ll\le?N C(;”I]\"/Ilsgl\];:(s}?‘gls
CEMENT CONSTITUENT D EN.I,/?ND’ ’ AFTER DAYS, Mpa
Initial Final 2 7 28 90
CEM132.5R none 25.0 145 205 209 342 462 543
CEMII/B-V32.5R 28 % of fly ash V 27.5 255 330 11.8 246 372 578
CEM II/B-S 32.5 R 32 % of slag S 24.5 155 225 17.1 347 512 622

CEM II/B-L 32.5 31 % of limestone L~ 26.5 210 295 8.8 233 357 422
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RESULTS
Heat of Hydration of the Cements

Heat of hydration is of crucial importance as far as selection of proper cement for making
concrete constructions is concerned. It is the feature of cement which is connected with
destruction of concrete being a result of thermal cracks originating from usage - for certain
kinds of massive constructions - cements of excessive heat of hydration [5]. Cements with
some mineral additives show lower heat of hydration when compared with the Portland
cement CEM I without non-clinker constituents. The heat of hydration of the cements CEM
1I/B under investigation has been presented in Table 2 and on Figure 1. It can be stated that
slow-hardening cements 32.5 are characterised by very low heat of hydration. Cements CEM
II/B-V and CEM II/B-L meet requirements for low heat cements. It makes them very useful
for massive structures, where the process of self-heating of concrete becomes a serious hazard
for its durability on account of possible destruction of concrete as result of thermal cracks.

Table 2 Heat of hydration of cements

HEAT OF HYDRATION, J/g

CEMENT After After After 3 days  After 7 days
1 day 41 hours

CEMI32.5R 244 i BV 369
CEM 1I/B-V 32.5 122 22 225 271
CEM II/B-S 32.5R 209 252 290 331
CEM II/B-L 32.5 161 0 218 254

50 | — -

45 ; S,

i | s CEM 325R
40 = CEMI/B-S325R |
35 | e CEM I/B-V 32.5 }

CEM II/B-L 32.5

W [J/GH]

0 6 12 18 24 30 36
TIME [HOURS]

Figure 1 Kinetic curves of the heat of hydration of cements
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Concrete Properties

The compositions of the concrete mixtures made of the cements listed in Table 1 have been
presented in Table 3. The design assumption of the mixtures was done keeping the same
parameters of aggregate selection and the concrete mixture consistency for all the cements
under investigation. The scope of investigation of concrete properties covered: compressive
strength, freeze resistance, water-permeability, water-absorbability and porosity.
The measurements of compressive strength were made on cube samples 15x15x15 cm, after
7, 28 and 90 days of water curing. The results of the determination have been presented in
Table 4 and Figure 2. The testing of resistance of concrete against freezing was conducted
after 50 and 150 cycles of freezing and thawing. The results have been presented in Table 5.
The tightness of concrete structures has been determined on the base of the measurement
of water-permeability, water-absorbability and porosity. The results have been presented in
Table 6. The porosity testing were made by using mercury porosimetry determining
the fraction of pores in the range from 3.7 to 53600 nm in samples 8x8x30 mm cut out of
the standard concrete cubes 15x15%x15 cm.

Table 3 Concrete mixes composition

COMPONENT/  yniT ~ CEMI CEMI/B-V ~ CEMIV/B-S  CEMIIB-L

PARAMETER 32.5R 32.5 32.5R 32.5
Sand 0/2 kg/m’ 566 566 566 547
Gravel 2/8 kg/m® 625 625 625 604
Gravel 8/16 kg/m® 761 761 761 736
Cement kg/m3 320 320 320 350
wic - 0.54 0.55 0.53 0.47
Consistency S 10 10 10 10

Air content % 1.90 1.92 1.88 1.88

Table 4 Compressive strength of concrete

COMPRESSIVE STRENGTH AFTER DAY, MPa

Cement
R, Ras Ry
CEMI325R 39.1 453 48.8
CEM 1I/B-V 32.5 302 38.8 47.6
CEM II/B-S32.5 R 289 395 453

CEM II/B-L 32.5 243 30.9 40.4
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Figure 2 Compressive strength of concrete specimens
Table 5 Freeze / thaw resistance of concrete
50 CYCLES 150 CYCLES
CEMENT
Loss of mass, % Loss of strength, % Loss of mass, % Loss Ofoj: rength,
CEMI1325R 0.11 3.6 0.10 3.6
CEM II/B-V 32.5 0.06 2.8 0.05 10.1
CEM II/B-S 32.5 R 0.11 7.5 0.08 7.0
CEM 1I/B-L 32.5 0.29 0.9 0.19 34
Table 6 Permeation properties of concrete
PARAMETER CEM1 CEMII/B-V CEMII/B-S CEM II/B-L
325R 32,5 32.5R 32.5
Water-permeability, cm 7.6 9.4 39 7.6
(water penetration at 1.2 MPa)
Water-absorbability, % 5.09 3.99 5.43 5.86
Porosity, cm’/g
- after 2 days 0.051 0.073 0.057 0.067
- after 7 days 0.038 0.046 0.055 0.046
- after 28 days 0.028 0.042 0.038 0.036
- after 90 days 0.024 0.017 0.032 0.034
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The results of investigation of the compressive strength of the concrete samples (Table 4)
reflect the features of hydraulic activity of the applied cements (Table 1). The initial
compressive strength of concrete samples made of Portland cement CEM 1 32.5 R
is significantly higher than the compressive strength of concrete made of Portland-composite
cements CEM II/B. It gives evidence of higher dynamics of hardening of cement CEM I
32.5 R at the initial stage of hardening. Nevertheless, what is worth noticing is the very high
dynamics of compressive strength development at later stages of hardening of concrete made
of fly ash and slag Portland cements: CEM II/B-V 32.5 and CEM II/B-S 32.5 R.
The compressive strength of concrete made of these cements after 90 days of curing is close
to the compressive strength of concrete made of Portland cement CEM 1.

The data given in Table 5 show very good freeze resistance of concrete made of Portland-
composite cements CEM II/B. It should be underlined that these results have been obtained in
case of not air entrainment concrete of nearly the same air content of about 1.9 % for all
the cements (Table 3). The listed in Table 6 results of investigation of tightness of concrete
structure also evidently indicate positive features of concrete made of Portland-composite
cements CEM II/B. Both the water-permeability and porosity of concrete made of cements
CEM 1I/B-V 32.5, CEM II/B-S 32.5 R and CEM II/B-L 32.5 R are comparable to the
parameters of concrete made of cement CEM 132.5 R.

The results of investigation of porosity and water-absorbability graphically presented in
Figures 3 and 4 also confirm how big influence the mineral composites of Portland-composite
cement can exert on shaping the tightness of the cement matrix. This effect is especially
visible in case of Portland-fly ash cement CEM II/B-V: the porosity of concrete made of this
kind of cement reaches, after a long time of concrete curing, the lowest values of all
the investigated cements. Low porosity of concrete made of cement II/B-V 32.5 (Figure 3)
influences on very low water-absorbability and water-permeability of concrete (Table 6).

007 ‘

0.06 ;
o |
& 0,05 -
: Mafter 2 days |
£ 0,04 Hafter 7 days
8 |
g 0.03 | Oafter 28 days i
O ’ | 1
a | | Oafter 91 days |

0,02 |

0,01

0 |

CEM1325R CEMII/B-V 32.5 CE}]\;{ gllgB-S CEMII/B-L 32.5

CEMENT TYPE
Figure 3 Porosity of the concrete specimens
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WATER-ABSORBABILITY, %

CEM132.5R CEM II/B-V 32.5 CEM II/B-S CEMII/B-L 32.5
32.5R
CEMENT TYPE

Figure 4 Water-absorbability of the concrete specimens

Sulfate Resistance

Mineral composites of cement decide in great measure of concrete resistance against
aggressive influence of the environment. The results of determination of interaction between
sulphate ions and the cements under investigation: fly ash, slag and limestone Portland
cement have been listed in Figure. 5. According to the procedure involved in the
investigations, the cement resistance against SO, attack is expressed by the value
of expansion of cement mortar curing in sulphate solution. The results (Figure 5) confirm
positive influence of mineral constituents on sulphate resistance of cement. Extraordinary
favourable features in this respect shows Portland-fly ash cement CEM II/B-V 32.5. The
resistance against sulphate aggression of the cement CEM II/B-V is comparable with the
resistance of blast-furnace cement CEM III/B that is considered as very high sulphate
resistance cement HSR. In practice it means that Portland-fly ash cement CEM II/B-V 32.5
can be the object of selection when concrete structures exposed to the corrosive action of
sulphate environment are under consideration.

25 —
—8~-CEM|325R
Destruction

—#-CEMII/B-L 325 R
——CEM /B 32.5

2,0

—CEMII/B-V325R
1,5
—4—CEM II/B-S 32.5R

EXPANSION, %

1,0

0,5

0.0l
0 4 8 12 16 20 24 28 32 36 40 44 48 52

CURING TIME IN Na, SO, SOLUTION, WEEKS

Figure 5 Expansion of cements in Na,SO4 solution
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CONCLUSIONS

The national cement standards amendment according to the European standardisation system
cover many kinds of new cements containing large quantity of different non-clinker
constituent. Especially large group of this cements are Portland-composite cements CEM II.
The CEM II/B cements can contain up to 35 % of fly ash, slag, limestone and Pozzolanic
constituents. Mentioned non-clinker mineral constituents of cement can positively create
performance properties of concrete. In the paper performance characteristics of concrete made
of commercial cements: Portland-fly ash CEM II/B-V 32.5, Portland-slag CEM II/B-S 32.5 R
and Portland-limestone CEM II/B-L 32.5 have been described. The presented investigations
confirmed high quality of these cements and their good usability in concrete technology. The
properties of Portland-composite cements CEM II/B allow to design and performance
concrete of similar or even better - when compared with net Portland cement - usable
features: strength development, water-permeability and water-absorbability, freeze resistance,
resistance to aggressive influence of the environment. The Portland-slag cement CEM II/B-S
32.5 R which contains up to 35 % of the granulated blast-furnace slag is to be considered as
especially favourable product which, on account of improved: water-tightness, shrinkage,
water-absorbability, lowered heat of hydration, as well as extended workability time, can
replace Portland cement CEM I 32.5 R. Characteristic features of Portland-fly ash cement
CEM 1II/B-V 32.5 such as low heat of hydration, very high resistance to sulphate aggression,
high water-permeability and low water-absorbability determine its special usability for
massive concrete structures of high durability in aggressive sulphate environment.
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ABSTRACT. Exposure to a saline environment is a major threat with respect to the
durability of reinforced concrete structures. The chloride ions, which are present in seawater
and de-icing salts, are able to penetrate the concrete to the depth of the reinforcement, where
they eventually trigger a pitting corrosion process. The assessment of a corrosion-free service
life of concrete structures is of paramount economic interest. However, the modelling of the
ingress of chloride ions is complicated due to various influencing factors and transport
mechanisms. Here a computational model for chloride ion transport through a porous
material is presented. Chloride ion transport in reinforced concrete is modelled by focusing
on centimetre-level and setting up three coupled equations for heat, moisture and chloride ion
transport respectively. The model is handled computationally by discretising in space
according to the finite element method and discretising in time according to the finite
difference method. Stationary and transient, linear and non-linear, homogeneous or
heterogeneous calculations can be performed. Moisture migration according to Bazant and
Roelfstra has been implemented and Saetta’s concept of chloride transport is followed. This
is illustrated with a numerical example, which focuses on the coupling between chloride ion
and moisture flow.

Keywords: Chloride penetration, Reinforced concrete, Corrosion, Coupled transport, Porous
media, Durability, Finite element method
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INTRODUCTION

The design of concrete structures involves mainly the evaluation of strength, stability and
durability. A major threat to concrete durability is chloride. As chlorides are present in salty
water and de-icing salts, special care has to be taken in the design of off-shore structures,
bridges and parking garages. Also buildings in coastal areas are subjected to chloride ion
ingress. The deterioration mechanism is the following: chloride ions penetrate the concrete to
the level of the reinforcement, when they are in a sufficient quantity they depassivate the
rebars, pitting corrosion starts if also oxygen is available, the effective cross section of the
rebars decreases and cracks appear due to the expansion of rust products. The cracks and the
decrease of the effective cross section of the reinforcing steel bars imply a strength loss,
while the cracks also enhance the deterioration process.

Chloride ion ingress in reinforced concrete has been subject of research for many decades and
traditionally this process has been modelled by Fick’s second law. The only material
parameter in this model is the effective chloride diffusion coefficient. The adjective
“effective” already suggests that many effects are hidden in this coefficient. Very few
attempts have been made to substantially refine the modelling, e.g. by Saetta [1]. With the aid
of current computing techniques, complex problems can be solved which could not be
handled in the time the effective diffusion approach was proposed. Here a refined approach is
presented based on the interaction of three simultaneous processes: chloride ion transport,
moisture migration and heat flow.

THREE COUPLED BALANCES

Chloride ion transport is closely related to moisture migration, and both of them have
relations with heat flow. Among the various processes that occur in reinforced concrete after
it has been cast, these three are selected for the model, thereby excluding cement hydration,
oxygen flow and the corrosion process. Since only the corrosion initiation phase is considered
and the latter two processes are relevant just for the corrosion propagation phase, they are not
taken into account. Cement may still be hydrating, even years after casting. However, if
calculations are to be performed for the service life of concrete structures, periods of 50 to
100 years are of interest. Then the effect of cement hydration may as well be summed up in
the initial conditions for such a calculation and the actual process can be disregarded.

While focusing on cm-level, the three coupled balances for heat, moisture and chloride ion
transport are represented mathematically by:

or
i S O j[; ky Kk, k|| VT A
RGN P =Vellky ky ky |ZVHp|+3/ M
G S Chll s0 ky  ky ok [ VC A
o

in which the derivates of the quantities (E, W and C) with respect to the potentials (T, H and
C) have been replaced by c;;. Thermodynamical backgrounds of equation 1 are described in
[2.3].
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The capacities (cjj), conductivities (kjj) and sources (f;) are in principle functions of the
potentials. This makes the set of equations a set of coupled non-linear second order partial
differential equations, or coupled non-linear diffusion equations.

SUBSTITUTED MODELS

Currently, this computational model is equipped with moisture migration according to Bazant
[4] and Roelfstra [5], and follows the concept of chloride ion transport according to Saetta
[1]. At some points Saetta’s chloride model has been modified, as will be clarified in this
section. The entire model has been implemented in the finite element code FEAP [6]; the
computer routine is able to deal with stationary and transient (using Euler backward time
stepping), linear and non-linear (using the Newton-Raphson method), homogeneous and
heterogeneous, and coupled and uncoupled problems.

Moisture Migration

Basically, moisture migration is described with the following differential equation:

a_W:a_WQZJr?ZV_%:VquH) )
o0 oT ot ©OH ot

with W the moisture content (in kg/m3), H the macroscopic pore humidity (dimensionless)
and A, the moisture conductivity (in kg/ms). Division by the derivative of the moisture
content with respect to the macroscopic pore humidity yields:

o

or of oH _ 1

AR %V(AM,VH) 3)
oH oH

According to Bazant the righthand-side of the last equation can be replaced by:

1
@V(AWVH) =V (k,VH) “)
oH

with:

)

1-H\"
1+
(1—(1;]

(in m%/s), in which a, to a4 are coefficients.
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The moisture content W is described by the desorption isotherms given by Roelfstra:
W(T,H)=as+a,T +a,H +aTH +a,H" +a,TH’ )

in which the coefficients as to ajo are functions of the (initial) water-cement ratio and the
degree of hydration. In this computational model, however, the water-cement ratio and the
degree of hydration are constants. In [5] the moisture content is given in g per g cement;
multiplication by the cement content of concrete yields kg per m® concrete. Then it follows
that:

ow
_oT _ a; +agH + alon 7
Cy = = @)
oW a,+a,T +2a,H +2a,,TH
OH

(in 1/K). It is clear that cy>=1. For the moment c;3, ky; and k3 all equal zero.

Chloride Ion Transport

Saetta sets up a balance for total chlorides Cyoa (in kg per m® concrete), i.e. the sum of free
Ciree (in kg per m’ water) and bound Cypoyng (in kg per m’ solid matrix) chlorides:

“total “ free max

Conet =W C e + (1= Wi ) Cora v

with W* the volumetric moisture content (in m> water per m® concrete) and W' s the
maximum volumetric moisture content (constant). Consequently, the factor 1-W' .y equals
the volumetric solid matrix content (in m® solid matrix per m® concrete), onto which chlorides
can be adsorbed. The relation between the two definitions of moisture content is:

w=pW ®
with py the density of water (998 kg/m?). Then equation 8 can be written as:

1 1
- WC/rcu +— ( pw - VVmax ) Chnund (1 0)

w w

C

“total

According to Saetta the ratio between bound and free chlorides can be considered to be fixed:
Croma =7C pee (1)

in which y is the constant of proportionality (dimensionless). Next, the last equation is
substituted in the last but one equation:

1
(/vlnlal = p—l:W + (pw - VVmax )7:| C‘//'uc = ¢(Ts H) (/vv/rcu (12)
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in which @ replaces the factors preceding Cy. in the last equation. As ¢ depends on W and W
is a function of temperature and humidity, ¢ is a function of temperature and humidity as
well.

Diffusive and Convective Chloride Ion Fluxes
The diffusive chloride flux qe g (in kg/m?s) is given by:

ediy = _/’LL-VC/W (13)

in which A. is the macroscopic chloride conductivity (in m?*/s). This macroscopic chloride
conductivity increases when more water paths are available in the porous medium or,
alternatively, lack of water paths restrains the chloride diffusivity in a porous medium [1].
Hence A, is scaled (linearly) with the moisture content. Furthermore, A, is temperature
dependent via the Arrhenius function. Then the macroscopic chloride conductivity becomes:

WL H)W(T) ]e',:(,:..,-JJ "

AT H)=| (= A) iy

w

with A¢y the chloride conductivity at H=100 % (constant), A4 the chloride conductivity at
H=35 % (also constant), W,, the water content at H=100 % (temperature dependent) and Wy
the water content at H=35 % (also temperature dependent). The Arrhenius function includes
the following constants: U as the activation energy of the diffusion process (in J/mol), R the
gas constant (8.3143 J/molK) and Tir the reference temperature.

The convective chloride flux qe.cony (in kg/m’s) is expressed by:

C, .
Qoo =~ A, VH (15)

w

In order to find an expression for Ay, equation 4 is elaborated:
ow o'w r o'w r

V|—k,,VH |-k, ——(VT) VH -k,,—(VH) VH =V(A4,VH 16
[aH = } 22aTaH( ) 22aHZ( ) (#,VH) (1)

in which T in superscript denotes transposition. Assuming that the second order derivatives in
the second and third term on the lefthand-side of the last equation can be neglected, the
following substitution is valid:

/Iw = ﬁkn (17)

Total Chloride Ion Content Balance

The balance for total chlorides can now be set up. The change of the total choride content
within a reference volume is equal to the net diffusive and convective influx of free chlorides:
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oC,

C
total |: (T H)VC‘ Sree aW
ot

/ru
w

(T H)kzz(H)VH] (18)

Substitution of equation 12 yields:

oC,,.. C C ow
el 57| 4 (T, H)V total total —(T,H)k,,(H)VH 19
or { (T.H) [(/)(T,H)]+pwgo(T,H) aH( )ex (H) } (19

This balance for total chlorides makes it possible for the free chloride content to increase
when the water content decreases due to evaporation and vice versa. The balance can be
further elaborated, which results in:

oC

Tk =V (kYT kg VH 41V C ) o
with:
ks, (T H, (’lulal) MaW (H)

p,0* (T.H) oT

v _ _ ﬂ'c (T’ H) C"mlul aW
k32 (T»H’Cmml)—|:k22 (H) V)(T,H)} (T H) 6H T9H) (21)
T,H
kn(T H)' ((T H))

Clearly, this balance for total chlorides is directly coupled to the temperature and moisture
balance, and the corresponding differential equation is very non-linear. Obviously, it holds
that c33=1, and that c3; and c3; both equal zero. As compared to [1] the following
modifications have thus been introduced:

e the free chloride content is not assumed to be constant within a small region of material
e the moisture balance does not appear in two different forms

e desorption isotherms are included for temperatures ranging from 293 to 343 K

e (¢ is a function of temperature and humidity and differentiated accordingly

e the degree of hydration is constant

e ) varies linearly with the moisture content

NUMERICAL EXAMPLE

This example shows a 10-10 mm?” piece of concrete which is exposed to a chloride solution
on the left side; the other sides are impermeable for chlorides. Simultaneously, drying takes
place in vertical direction. This direction has been chosen perpendicular to the direction of
chloride ingress to visualise the effect of coupling between the two flows. The moisture
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potential on the top side is prescribed to be 36 % and on the bottom side 100 %; the moisture
cannot escape through the other sides. The temperature has been kept constant in this
example. The model parameters can be found in Tables 1 and 2.

Table I Material functions input parameters. If the material function is a function of
other parameters (see Table 2), these parameters are enclosed in parentheses

MATERIAL FUNCTIONS

capacities conductivities sources or sinks
¢ 2.40-10° J/m’K kit 2.40 J/Kms fi 0 J/m’s
¢ 0Jm’ ki 0J/ms f 0 kg/m’s
ez 0Jkg kis 0 Jm%/kgs f3 0 kg/m’s
C21 (a(, alo) 1/K k2| 0 mz/Ks
C22 1 k22 (a1 a4) mz/s
o3 0 m’/kg ks 0m’/kgs
¢ Okg/m’K K3t (hewshodsds ..

alOaU,Tref;Y,Wmax)

kg/Kms
¢ Okg/m?® kK32 (Aewshed-al -

a10,U, Trefs Y, Winax)

kg/ms
C33 1 k33 (ch,xcdaaS

a| g,U,Tmf,y,Wmax)

m‘/s

If the piece of concrete is exposed to a chloride solution of 50 g NaCl per 1 water
(corresponding to a 3.0 % solution), then the boundary condition for the total chloride ion
content is obtained by assuming that at this boundary:

e all pores are water-filled, 50 W=W

e the concentration of free chloride ions in these pores is the same as in the salty water to
which the concrete is exposed, so Cree=(35.5/(23.0+35.5))50=30.3 kg/m3 (kg CI' per m’
of water)

For a certain concrete mixture the total pore volume can be calculated according to [7]. Then
the boundary condition follows from equation 12. In case of ordinary Portland cement, a
water-cement ratio of 0.59, a cement content of 320 kg/m’, a degree of hydration of 95 %, y
equal to 0.7 [1] and the chloride concentration mentioned earlier, this boundary condition
becomes 22.5 kg/m> (kg CI per m’® of concrete).

The problem type in this example is transient, partly non-linear, homogeneous and partly
coupled. The computed total chloride ion distribution is shown in Figure 1. The total chloride
ion contents range from 0.3 to 25.9 kg/m’, which is equivalent to 0.1 to 8.1 %. When
comparing Figure 2 (the total chloride ion distribution in the absence of a moisture potential
field) and Figure 1 the building up of chlorides in the upper left corner becomes apparent.
Clearly the upward moisture flow drags the chloride ions in the same direction and together
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with the continuous supply of chloride ions from the left, this leads to an excess of chlorides

in the upper left corner (note that the chloride content in that area is higher than the boundary
condition).

Table 2 Parameters of the moisture and chloride model

MOISTURE MODEL

basic moisture content parameters derived moisture content parameters

degree of hydration

0.95 0.35<H<0.85  0.85<H<1.00
water-cement ratio 0.59 as 38.1 kg/m® 4.48.10° kg/m3
cement content 320 kg/m®  ag 0 kg/m’K -12.2 kg/m’K
conductance parameters ay 1.59-10° kg/m®  -8.90-10° kg/m’®
a 1.00-10"° m%/s ag -525kg/m®K  23.6 kg/m’K
a 0.05 ag -1.38-10° kg/m® 4.83-10° kg/m’
a3 0.70 an 477kgm’K  -12.3 kg/m’K
ay 4

CHLORIDE MODEL
Atrhenius parameters conductance parameters adsorption parameters
U 32.0-10° J/mol ey 1.00-102 m%s  Wma 138 kg/m’
Thet 296 K Aed 1.00-102 m%s 0.7
24.5 24.5
22.9 229
213 213

Figure 1 Computed total chloride ion
content (in kg/m?) after 40 days of
exposure. Clearly the bottom-up
moisture flow influences the chloride-
ion flow from left to right.

Consequently, the chloride accumulates

in the upper left corner

Figure 2 Reference total chloride ion

distribution (in kg/m3) after 40 days of

exposure in the absence of a moisture
potential field (H=90 %)
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CONCLUSIONS

Since chloride ingress in concrete is closely related to moisture migration, while both of them
are temperature-dependent, it is essential to involve all three processes in calculations.
Currently, the implemented finite element routine is able to deal with stationary and transient,
linear and non-linear, homogeneous and heterogeneous, and coupled and uncoupled
problems. The combination of moisture migration according to Bazant and Roelfstra, and
Saetta’s concept of chloride transport has been studied. An example illustrated the behaviour
of the computational model. In the future more models and sets of parameters will be tested
and verified to reach the goal of reliable service life prediction.
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SILICA PHOSPHATE IN ENGINEERING MATERIALS
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ABSTRACT. This research presents the results of an experimental investigation carried out
to study the technological basics of a new material characterised by its high compressive
strength and its resistance to acids. One hundred and thirteen cylindrical 45 x 30 mm
samples with height to diameter ratio of 1.5 were prepared by mixing suitable ratios of quartz
sand and phosphoric acid, burned in a furnace to temperatures between 800-1400° C for 2
hours. On the basis of test results gathered from this study, a new silica-phosphate material is
suggested.
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INTRODUCTION

A number of investigations looked at the bonding effect of Silica-phosphate. Iler in 1962,
and Yates in 1972, found that the reaction of P,Os with silica at a relatively low temperature
develops high bond strength in refractory compositions. Both of them come to the fact that
silica sol may be mixed with ammonium phosphate or other P,Os precursors at relatively low
pH and used in minimal quantities as a binder in refractories [1].

In 1961 Nobel, Bradstreet and Rechter found that improved bond strength in ceramic bodies
is attained with mixtures of mono aluminum phosphate and colloidal silica when used with
finely divided refractory powders of ziricon, ziriconnia, or alumina [1].

Researchers have not come to an agreement about the nature of the bond of silica-phosphate.
Some published literature [2] related the nature of bond to two compounds SiO, .P,Os and
28i0,, others related the bond nature to 3Si0,.P,0s compound. According to a study
conducted by Tien and Hummel [2] in 1962, the compound SiO;.P,0s melt congruently at
1290° C, and exists in two polymorphic modifications, with a transition temperature of 1030°
C. The compound 2Si0,.P,04 melts incongruently with decomposition into SiO,.P,Os and
silica-rich liquid at 1120° C. In 1968 Liebau and Bissert [3] have obtained different
modifications of P,0s SiO, by using various forms of SiO; and P,0s. These modifications
are cubical, tetragonal, two monoclinic, orthorhombic, hexagonal and pseudo-hexagonal
modifications. They also obtained a hexagonal phase of variable composition, which
includes the compounds, P,05.3Si0; and 2P,05.3Si0,.

Nurse, Welch and Gutt [4] have investigated high-temperature phase equilibria in the system
2Ca0,Si0,-3Ca0,P,05 by high-temperature microscopy and X-ray analysis. The system was
presented a continuous series of solid solutions with a melting-point maximum at 2240° C. A
new high-temperature form of 3Ca0O,P,0Os was discovered but it was not survived quenching
to room temperature. At lower temperature two compounds were formed by solid-state
reactions, the known silicocarnotite stable below 1450° C and a new phase denoted as “A,”
stable below 1125° C, having the approximate composition 7Ca0,P,05,2Si0,. The
properties of building materials governing their suitability for service under various
conditions depend first on chemical and mineralogical composition of the material. The
present work is directed to develop a new acid resistance building material taking into
consideration the effect of acid rain on some parts of the world. Two important factors
should be considered when developing it, the availability of cheap raw materials and the
material suitability to withstand different conditions.

This investigation aims to find cheap engineering building materials from local raw materials
to produce ceramics, thermal bricks and blocks characterised by solid physical, dynamical
and chemical properties.

EXPERIMENTAL WORK

A total of one hundred and thirteen samples of silica-phosphate cylinders, that are 45 mm in
height and 30 mm in diameter, were tested to study their physic-chemical features and their
resistance to acid mediums. The mineralogical and chemical analysis of the tested quartz
sand samples was achieved by using the x-ray fluorescence method.
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The method used to produce silica-phosphate material consists of four stages:

In the first stage, the raw sand material, mostly of silica, was ground to very fine grains with
the sand surface weight kept between 3000 to 4000 cm?/gm. In the second stage, the silica
sand was mixed with phosphoric acid with a ratio varying between 5 to 15% of the total
silica sand weight. In the third stage, the silica-phosphoric acid mixture was cast in steel
moulded cylinders. The samples then were removed from moulds, ready for their furnace
heat treatment. In the fourth and final stage, the cast samples were placed inside a muffle
furnace, in which a maximum temperature of 1400° C can be achieved. Four burning
temperatures were adopted, these temperatures were 8§00° C, 1000° C, 1200° C and 1400° C.
The sample maintained at these temperatures for 2 hours. Then the samples were removed to
cool at laboratory temperature.

The specimens were tested under axial compression using screw type machine. The load was
applied and increased continuously at a nominal rate within the range 0.2 N/(mmZ.s) to
0.4 N/(mm®.s) conforming to BS 1881: Part 116: 1983 [5]. The specific gravity and the
water absorption of the specimens were obtained by a standard method generally used for the
determination of specific gravity and absorption of coarse aggregate [6]. The specimens
were first immersed in water for approximately 24 hours, to essentially fill the pores. It is
then removed from the water, the water dried from the surface of the particles, and specimens
then were weighed. Subsequently they were weighed while they were submerged in water.
Finally they were dried in an oven at 110 £+ 5° C for 24 hours and massed. Using the mass
and weight measurements obtained and formulas in the standard method, the specific gravity
and absorption were obtained. In order to obtain the specimens porosity, the specimens
absolute specific gravity were determined. The specimen whiteness was obtained using
colour charts. The percentages of specimen resistance to acids were obtained after weighing
the specimens before and after acid soaking for 72 hours.

RESULTS AND DISCUSSION

The percentage ratios of the raw sand components to their weight are given in Tablel.

Table 1 Mineralogical and chemical analyses of used materials

COMPOSITION (%) SiO, ALO; Fe,0; CaO MgO SO, LOI

Quartz Sand 98.3 0.5 0.2 03 - 0.1 0.4

Table 2 summarises the results of the compressive strength for all samples, and specifies the
specific gravity and percentages of porosity, water absorption and whiteness of each group of
samples burned at each specified burning temperature.

Figure 1 shows the relationship between the samples percentage of water absorption and the
burning temperature for quartz samples mixed with 10% phosphoric acid. The Figure shows
a decrease of the water absorption percentage when the burning temperature was 1200° C.
Figure 2 shows the compressive strength-temperature curves for samples mixed with 5%, 8%,
10% and 15% phosphoric acid. Compared to samples mixed with 5% phosphoric acid, the
curves show a 47.8%, 88.7% and 68.5% increase in the compressive strength when burning
temperatures was 800° C for samples mixed with 8%, 10% and 15% phosphoric acid
respectively.
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Table 2 Physic-chemical features of silica-phosphate material

BURNING MIXING (%) NUMBER COMPRESSIVE POROSITY SPECIFIC  WATER (%)
TEMP (°*Cy——————— WHITENESS  STRENGTH (%)  GRAVITY ABSORPTION
) OF N/mm? % %
S$i0; HiPOs  gaAMPLES ( : 0 oo
95 5 5 3.18 18.8 2.08 7.8 95.2
2 8 5 47
800 90 10 5 6.0
85 15 5 5.36
95 5 5 13.75 7.8 222 3.2 95.8
92 3 5 1727
1000 9% 10 5 21.94
8 15 5 27.88
95 5 5 32.05 127 229 0.5 97.4
92 8 5 4047
1200 9% 10 5 51.09
85 15 5 43.65
1400 90 10 5 39.83 6.8 225 1.4 96.5
8

——Si02:3P04 90%:10%

WATER ABSORPTION (%)

0 T T T T T T 1
800 900 1000 1100 1200 1300 1400 1500

TEMPERATURE (°C)

Figure 1 Effect of burning temperature on water absorption

The Figure shows that the compressive strength was increased by 25.6%, 59.7% and 102.8%
when burning temperatures was 1000° C for samples mixed with 8%, 10% and 15%
phosphoric acid respectively. The increase was 26.3%, 59.4% and 36.2% when burning
temperatures was 1200° C for sample mixed with 8%, 10% and 15% respectively. For
sample with 10% of phosphoric acid the Figure shows a decrease of 22% in compressive
strength when the burning temperature was increased from1200° C to 1400°C.
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60
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Figure 2 Effects of burning temperatures on compressive strength

Table 3 summaries the results of the resistance of the silica phosphate sample to acid
mediums. The acids used were hydrochloric acid, sulfuric acid, nitric acid and phosphoric
acid.

Table 3 The resistance of silica phosphate material to acid medium

MIXING BURNING NUMBER RESISTANCE TO ACIDS (%)
TEMPERATURE OF
Si0,  H;PO, (°C) SAMPLES H;PO, H,SO, HNO; H;PO,
90 10 800 12 92.9 914 92.1 90.3
90 10 1000 12 97.3 95.6 96.4 94.7
90 10 1200 12 99.7 99.5 99.8 99.4
90 10 1400 12 98.2 97.4 96.6 98.3

Figure 3 shows the percentage of the resistance of silica-phosphate material to acid medium-
temperature curves, each curve presents the percentage of the resistant of the silica-phosphate
material sample to one individual acid at burning temperature of 800° C, 1000° C, 1200° C
and 1400° C. The results obtained from the Figure shows that the silica-phosphate resistance
to the acid medium was improved. The maximum resistance occurred when the burning
temperature was 1200° C.
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Figure 3 The resistance of the silica phosphate materials to acid mediums

SCOPE OF USING

Silicate technology has been going through a tangible development. Steam moistening of
quartz sand for molding parts has become widespread at brickyards. This set up the
opportunity of more quantity, in the same time raised the quality, that ends with better
structural, architectural, decorative, every day use, refractory and acid resistant materials.
Silica phosphate can be used to construct buildings, roads, and drainage systems for the acid
rain regions. It can be also used due to its characteristics as wall materials, hollow bricks,
tiles, roofing material and as covering layer of bricks and stones.

CONCLUSIONS

1) A new, cheap building material characterised by high compressive strength, low porosity,
and low water absorption, notable for its lightweight, whiteness and its resistance to acid
mediums, can be made when burning silica with phosphoric acid with a suitable mix at
about 1200° C.

2) The high compressive strength of the new material is attributed to the stabilization of the
silica and phosphate in many aspects of its structural formation, the reformation of free
silica oxide and also for the decrease of the voids caused by high temperatures and
consequent chemical reactions.
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A NEW SPECIAL CLINKER COMPOSITION WITH LOW
CLINKERABILITY TEMPERATURE THAT PRODUCES A
CEMENT HAVING HIGH RESISTANCE TO STRONGLY
AGGRESSIVE SULFATE ATTACK

F G Goma
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Polytechnic University of Barcelona
Spain

ABSTRACT. Certain naturally occurring cements, having constant raw composition, have
been found to possess raw properties with low clinkerability temperature. These provide
cement that possesses a much higher resistance to the attack of strongly aggressive sulfate
solutions. The resistance to sulfate attack was determined by means of series of 20 x 20 x 20
micro-cubes, and series of prisms 40 x 40 x 160 mm, in accordance with the 196-1 EN
standard, of pure paste with a water/cement ratio of 0.4, which were similarly cured in water
at 20°C. The physical and chemical parameters were determined for the prepared mortars
compressive strength, the results of which are provided. A study of the modification of the
internal porosity of the samples in function of the sulfate ions was carried out. The results
and conclusions appear to provide a new aspect to the influence of structure density of the
C-S-H phases in expansion due to ettringite formation, when the silicate content is low and
there is also sufficient space for occupation by the ettringite. The need to locate clinkers
having a low degree of clinkerability temperature for sustainable energetic and ecological
reasons and to obtain information that leads to better understanding of the effects of
expansion due to sulfates justify the interest in this work. A new parameter is suggested both
for the control of concrete sensitivity to sulphate attack as well as in the verification of actual
behaviour in field studies.

Keywords: Calcium sulfoaluminate, Low energy cements, Sulfate attack.
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INTRODUCTION

Natural cements with constant raw chemical composition have been found in certain
cretaceous geological strata associated to cretaceous coals as in “torre de Foix”, Vallcebre in
Berga, Catalonia, Spain, which possess chemical compositions which are very similar to
ordinary raw Portland cements. When these materials are calcined at low temperatures,
between 1.000 and 1.200°C, they display technically significant characteristics and
properties, unknown up to now and which are examined in this paper. The work reported in
this paper is part of an extensive study to investigate whether the Ettringite formation as a
major component of the C-A-IT phases in the products of a hydrated cement could be an
alternative binder.

In the sulfate resistance tests performed using the micro-cube technique by the described
aggressive solution attack [1] and prism 40X40X160 mm., in accordance with the 196-1 EN
standard, it was found that they possess very high sulfate attack resistance.

The mortar samples, after curing in the usual manner, and maintained in highly aggressive
5% sulfate solutions, underwent a progressive increase in compression strength. In this case,
reaching values of up to 45 Mpa from between six months and one year, and which have
since been under observation for more than two years to the present date. This means that, in
this case, the aggressive solution unexpectedly behaves as a curing solution which contributes
extrinsic sulfate to the formation of secondary Ettringite as the cause of an increase in
strength instead of its destruction. Finally, an interpretation of the secondary Ettringite
formation mechanism for these cements which do not reveal themselves as being expansive,
could lead to new orientations of current knowledge on the resistance of concrete to sulfate
attack.

EXPERIMENTAL DETAILS
Determination of Chemical and Mineral Composition of Clinker of this Natural Cement

A representative sampling was taken of the industrial clinker in which the variation in the
major components did not exceed 3%. The chemical composition of the obtained mean
sample of clinker was analysed in accordance with current standard EN 196-2 procedures,
with the exception of the silica determination which was carried out using a version of the
classic gravimetric procedure modified by the author [2]. The results include a representative
sample of Ordinary Portland Cement clinker for comparative reference.

The natural cement clinker under study was calcined at a temperature of 1,200°C and its
composition had a lime Kstll “British Lime Saturation Factor” of 61.1%, whereas that of the
Portland cement clinker used as a reference was 96.1%.

The SO; content in the natural cement clinker was 3.0%, while that of the Portland clinker
was 0.66%. The natural cement clinker silica ratio (SR) was 1.85. This is lower than the
2.23 of the Portland clinker. The analysis results are shown in Table 1.

The clinkerability temperature of the raw mix of this ordinary Portland clinker, taken as a
reference, was evaluated using the author’s procedure [3] and was determined to be 1.625°C,
whereas the natural cement clinker, which was calcined in a vertical kiln at1.200°C produced
a free lime value of less than 2%. The energy consumption is therefore, considerably less, as
is the produced level of pollution.
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NATURAL SOLUBLE® INSOLUBLE ORDINARY
CEMENT FRACTION RESIDUEAS PORTLAND
WHOLE AS WHOLE WHOLE CLINKER AS
SAMPLE SAMPLE SAMPLE REFERENCE
TiO, 0.24 0.09 1.16 0.15
SiO, 22.0 13.9 60.6 20.8
AlLOs 8.9 6.6 16.7 6.1
Fe,0; 3.0 1.6 10.8 3.2
CaO 453 43.8 33 64.9
MgO 0.82 2.2 0.80 1.8
Na,O 0.30 0.16 1.1 0.19
K,O 1.7 1.2 39 0.54
SO, 3.0 3.2 0.2 0.66
L.0.1.950° 12.2 12.2 0.2 1.1
Insoluble Residue!” 14.6 B ) 0.50
A/S
725
Molar ratio 23.32 - - 0.8
CaO Free 1.6 - - :
Kstll % 61.1 - - 96.1
Bogue Potential Compounds (%)
Cs8 - - - 60
.S - - - 16
CiA 1
C4AF - - - 10
Fineness ) ) )
% passing 88 pm 32 } ] ) 99
% passing 63 pm 18 95
Compression Strength N/mm”
8.5 - -
R, 113 343
Ras : ) } 63.1

)" Soluble in 10% HCI when cold
@ Soluble Fraction Goma method [18]

Clinker Finishing and Mechanical Strengths

The examined representative clinker sample was ground up in accordance with the special
conditions for technical use as a building cement and no additives was added. The Portland
cement clinker sample was ground with added gypsum in order to obtain 3.0% SO; in the
resulting cement, together with a fineness equivalent to a cumulative value of 95%, which
would pass through a 63-micron sieve. Three series of micro-cubes 20X20X20 mm., and
three series of prisms 40 x 40 x 160 mm, in accordance with the 196-1 EN standard, with a
water/cement ratio of 0.5 and an S/C ratio of 1:3, with standardised sand, were prepared and
cured by immersion in water at 20°C.
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One of these series of each type of mould was employed in obtaining the compression
strength results and the other two for post curing attacks in aggressive solutions of 5%
sodium sulfate and 5% magnesium sulfate respectively. The cement obtained from the
natural cement clinker was ground, without any added additives, to a fineness equivalent to
an accumulative value of 82%, which passed through a 63-micron sieve, and had a maximum
particles size of 600 microns. This was used to prepare another three series of 20 x 20 x 20
micro-cubes, and three series of prisms 40 x 40 x 160 mm, in accordance with the 196-1 EN
standard, of pure paste with a water/cement ratio of 0.4, which were similarly cured in water
at 20°C. For natural cement mixtures were prepared with de-ionised water and 0.4 %, over
the cement, of the citric acid was employed to delay setting and hardening by 30 to 40
minutes in order to mould under suitable conditions. After 28 days of water curing, they
were all checked for compression strength.

After 28 days of water curing, one series of each type of mortar and cement were immersed
in aggressive solutions of 5% sodium sulfate and 5% magnesium sulfate respectably both
saturated with Ca(OH),. In all these samples, the compression strength was periodically
determined during a period of two years. These results are shown in Figure 1.

Hydration Specifications and Aggressive Attacks Conditions

All the pure paste specimens and micro-cubes were hydrated at 20°C in water, chamber-cured
for 24 hours, removed from the moulds and immersed in de-ionised water at 20°C in order to
carry out prior water curing up to 28 days. They were then placed in aggressive solutions of
Na;SOy at 5 % and MgSQOy at 5 %, respectably saturated with Ca(OH), on a long-term basis
for up to two, after which the XRD patterns for the samples were determined and the results
are given in Figure 2, in values KaCu. In order to establish any variations occurring to the
physical parameters of the material in the pure paste specimens with natural cement due to
the aggressive treatment, the physical parameters were determined in accordance with the
standard ASTM C-642 method using cement paste micro-cubes which had been cured for 28
days in water and, at the end of this period, placed into the aggressive solution treatment
period. The results are given in Table 2.
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Figure 1 Compression strengths development
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Ett _ Ett
SH;
MC
MS CH C.S
T
20CuK

Ett = Ettringite MS = calcium monosulfoaluminate

MC = monocarboaluminate CH = calcium hydroxide

SH; = Gypsum C,S = P calcium disilicate

Figure 2 X-ray patterns of natural cement pure paste attacked 1 year with Na;SO4

Table 2 Physical properties of natural cement pastes A/C 0.4

AFTER WATER  AFTER 1 YEAR AFTER 1

28 d CURED Na, SO, YEAR MgSO,

ATTACKED ATTACKED
Absorption after immersion % 32.7 20.4 229
Bulk specific gravity cm3/g 1.45 1.67 1.55
Apparent density cm3/g 2.78 2.53 245
Volume of permeable voids % 47.7 34.0 35.5

DISCUSSION OF RESULTS

The experimental facts which we established in our work are described as follows: after water
curing, the natural cement having the described composition and specifications, has a strength
of between 12 to 15 N/mm’ when tested as a pure paste under the described granulometric
conditions and with a water/cement ratio of 0.4 When the specimens were previously cured
in water for 28 days and then exposed to highly aggressive water containing 5% sodium
sulfate and/or 5% magnesium sulfate both saturated with calcium hydroxide (Ca(OH),) at
20°C, they undergo a progressive increase in compression strength during between six and
twelve months, which can reach 40 to 45 N/mm”. No expansion or degradation phenomena
were observed in any of the cases and the levels of strength attained remained constant during
observation of up to two years at the time of writing. This progressive increase in strength
occurred at the same time as the physical parameters were modified, with a reduction in
porosity of some 13 to 15% in the sodium sulfate solutions and noticeably less, 11 to 13%, in
the magnesium sulfate solutions.X-ray diffraction confirmed that the amount of ettringite
formed is very significant and is present in the dominant phase.
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Background to this Fact Found in the Literature

The differences found between the natural cement clinker under study and the OPC clinker
taken as a reference is summarised in the following Table:

Table 3 The differences found between the natural cement clinker and OPC clinker

A/S SO; % LIME MS CLINKERABILITY
MOLAR SATURATION T°C
FACTOR % Kstll
Natural cement clinker 2.32 3.0 61.1 1.85 1.200
Portland cement clinker 7.25 0.6 96.1 2.23 1.625

We have therefore compared it with the clinkers and cements of the Ca0O-Si0O,-Al,0;-SO3
system.

There are background studies into these types of clinkers/cements by Nakamura and Sodoh
[4]; Mehta and Klein [5]; Deng-Jun [6]; and Sodoh [7]. These show that obtained
compression strength values are comparable to those of OPC (Ordinary Portland Cement) and
that the Ettringite is either controlled or is not produced.

The common factor in these cements is the fact that the dominant phase is the secondary
Ettringite as a hydrolysis product.

Among which, those of Sodoh [7] produced cements from clinkers with A/ molar ratios close
to 1.3, in which the compression strength tests carried out in accordance with the JIS R 5201
standard, produced a value of 59 MPa at 28 days. The authors used scanning electron
techniques to determine that this Ettringite has a crystallisation of 1 to 2 pm within hardened
mass having a large specific surface area that has undergone a total porosity loss in volume in
function of time up to 28 days with mercury porosimeter monitoring.

Our work has enabled us to confirm this reduction is porosity due to the formation of
secondary Ettringite in the natural cement studied by the determination of the usual physical
parameters in accordance with the ASTM C-642 standard, with the results demonstrating a
marked reduction as shown in Table 3.

The obtaining of high resistance on a level of those provided by Portland cement was also
observed by other authors, such as Zang and Glasser [8], who obtained an increase in
compression strength, based on sulfo-aluminates, together with the formation of Ettringite.

These reached the same levels as Portland cements after some four months with an
asymptotic growth up to six years later, together with stable concrete during twelve to sixteen
years in constant immersion.
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Expansive Behaviour of the Ettringite Formed in this Class of Cements

The cited background studies, carried out using these types of clinkers/cements were focused
on obtaining cements with controlled expansion for specific applications.

The expansion conditions in clinkers for expansive cements have been examined by
Nakamura, with the conclusion that low free limestone and low chalk content are required.
The common factor in these cements is the fact that the dominant phase is the secondary
Ettringite as a hydrolysis product. The papers by Sodoh [7] demonstrated that when the
formation of Ettringite is micro-crystalline of 1 to 2 microns and the free limestone content is
low, then expansion is not produced.

The tested cement from Catalonia has an A/’ molar ratio is 2.32, and the SO;3 contribution for
the formation of secondary Ettringite comes from the sulfate attack solution and is therefore
extrinsic, whereas the Sodoh cement, and the cements of other authors cited have anhydrite
incorporated clinker or in cement grinding as intrinsic SO; contribution. It must be
emphasised that this is an important difference and that the extrinsic sulfate action under the
conditions of the tested natural cement clinker did not reveal any expansion during the
secondary ettringite formation and this has been revealed by x-ray diffraction. This leads to
the conclusion that the ettringite formation produces high strength without any degradation or
expansive effects.

New Aspects of Sulphate Attack

In the 40s, independently of the laboratory work, the U.S. Road Administration commenced a
field study, based on the work of Jackson [9] “The durability of concrete in service”, into the
state of real structures affected by sulfate attack and those which were not. The discrepancies
which were found between the actual results and those predicted by the laboratory placed
even more emphasis on the need to review the causes.

As from the 50s, a large number of researchers have contributed to the establishment of
various causes associated with the ettringite formation which explains the destruction of
concrete due to sulphate attack and which may be resumed as follows: a C3A content is
excess of 5% as a general criterion from the beginning; the expansive forces produced by
osmosis as described by Torwaldson [10]; the topo-chemical formation of ettringite Lafuma
[11]; the influence of pH on expansion as proposed by Chatterji [12]; the absorption of water
by the poorly crystallised ettringite , and the loss of strength of the CSH phases when the pH
is reduced and the disappearance of the CH phase Mehta [13]; the need and/or concomitant
micro-cracking of the concrete in presence of water as defended by Collepardi in his holistic
view [14]; The introduction of the osmosis process as being the most significant generalized
cause of expansion as has been accepted. Osmotic pressure, which has been extensively
studied in the alkali-aggregate reaction implies the formation and existence of a semi-
permeable membrane, which is caused by the existence of alkaline silicates coming from the
Newkirk [15] phases and which exists in all Portland cements to a greater or lesser degree,
and the eventual presence of small amounts of clay material in the concrete aggregates aids
this membrane formation.



116 Goma, Vicente

Recently, in traditional concretes or mortars by comparing these Ettringite formations with
those produced in Portland mortar and concrete, Diamond [16], and Famy and Scrievener
[17], were able to obtain information through “SEM observations of micro-structures” in the
C-S-H phases. Two different manifestations in the hydrated C-S-H phase masses, a light
grey internal one, called the inner C-S-H product that surrounds the non-hydrated clinker
grains, together with another darker mass or outer product, or non-differentiated product
housing the formation of secondary expansive Ettringite which is produced over time with
mortar or concrete having the original sulfate ions, both intrinsic and extrinsic. These authors
reached the conclusion that Ettringite crystallisation takes place inside the outer exterior
C-S-H phase micro pores and that this is associated with the expansion phenomenon.

In summing up, there is a large number of controversial contributions for the interpretation of
the behaviour of conventional concrete without active additions in which there does not
appear to be any single generalised prevalent conclusion, in spite of being ever-closer to a
more thorough understanding.

A conclusive interpretation from Professor Mehta [16] could be schematically resumed as
follows: from the use of cements with higher strength at early ages as a general proposal for
cement users according to major of the authors and cement manufacturers, the cements
having a high C;S and C,S content produce a general tendency for the concrete to crack more
easily under lower levels of creep and higher drying shrinkage and thermal shrinkage. As this
micro-cracking increases, the concrete penetrability and the durability decrease.

New Contributions to Critical Aspects

There are still certain critical aspects and suggestions from the author to this updated
summary.

The conditions for Ettringite formation in both cement types are really quite different. The
most active phases in Portand clinker during hydrolysis are the C-A-H, so that it is well-
known that the C;S and C,S silicates do not commence to hydrolyse until after the first two
days, forming a binder network once the primary Ettringite has been produced.

The C-S-H gel develops much more resistance than that produced by the Ettringite for two
reasons, first, because it is present in greater amounts 75% of (C,S + C3S) against 20% of
aluminates, and secondly because the C-S-H gel is a colloid with a smaller range of particle
size, together with great cohesive power due to its large specific surface area of between
21.000 and 25.000 cm*/g, which it strengthened by the polymerisation action of the silica. In
accordance with our own criteria, it seems understandable that the primary Ettringite is not
expansive in any type of Portland because it forms within the first 48 hours, in other words,
before the C-S-H gel is formed. There is always space available to hold the primary
Ettringite. When the hydrated cement is 80% hydrated at 28 days of curing, the C-S-H gel
formation is almost complete.

The Ettringite which then forms due to intrinsic or extrinsic attack or because of Delayed
Ettringite Formation (DEF) is the secondary Ettringite which crystallises within the
indeterminate outer C-S-H phase, with a higher level of cohesion, which is rigid, together
with the possibility of having formed semi-permeable membranes capable of creating
osmotic pressure etc, and which is therefore expansive.
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In natural or ASC sulfo-aluminate-based cements, and certain ones from the CaO-SiO; —
Al,03-S0O3 system, expansion is not produced because the C,S content is very low and CsS is
non-existent.  The resistance of these cements to sulfate attack therefore seems
understandable and this, together with the growing formation of secondary Ettringite,
increases these levels of resistance to those of Portland cements as we pointed out in our
research. In Table 2, we can see how the total porosity of the samples attacked by sulfate
dissolutions has been decreased.

From our point of view, the main problem of expansion would appear to be one of a lack of
compatibility in the binding systems in the C-A-H and C-S-H phases so that the sulfate
pathology generates the rigidity in the C-S-H formation. The natural cement under study
therefore, is not only resistant to sulfate attack, but, because of its contribution, attains O.P.C.
compression strength in the medium and/or long terms.

It also includes how the pozzolanic additions fragment because of interposition within the C-
S-H gel mass with micro-porous material that opens spaces in which the Ettringite is able to
crystallise and prevents the excessive formation of semi-permeable membranes. Meta-kaolin
or silicates which have been calcined above 800°C, in which amorphous masses of SiO, and
Al,Oj; are formed, have been demonstrated as being especially useful as pozzolana.

The cement which we have investigated was calcined at low temperature and contained an
average value of 15% silica material, which also means that it is pozzolanic.

The conclusions reached concerning the applications of this type of cement appear to lead
towards the opening of a new road forward in the research into new cements which are
immune to sulfate attack, possess high compression strength, involve much lower energy
costs and a very significant reduction in pollution. In this way, it is possible to understand
how the use of active additions appears as a generalised solution, providing good, practical,
coherent results.

We therefore believe that this is good method of following the influence of sulfate attack on
the concrete, in which the ratio

Porous space of pozzolanic material
Space of CSH phases

is suggested as a new parameter that to should will be have into account to control of
concrete on it’s sensibility to sulfate attack and the evaluation on field study of its durability
behaviour.

CONCLUSIONS
A raw cement with a composition very close to that of a raw Portland cement, with a 3% SO;
content and calcined at a low temperature of 1.150 to 1.200 °C produced a type of natural

ground cement which is resistance to attack by 5% sodium sulfate solution.

Its medium and long-term compression strength is increased to that of Portland cement
through the formation of secondary Ettringite with the sulfate.
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The Ettringite formation does not manifest itself as expansive when the amount of the C,S ig
very low and there is no C3S. Its most significant application is use in situations of heavy
aggression due to high sulfate concentrations.

The increase in compression strength may allow a new type of alternative use cement to be
created with a notable reduction in energy costs, together with very significant reduction in
levels of pollution.

The commencement of an extensive study, both in the laboratory, in order to determine all its
physical-chemical parameters, and through work in the field on structures with real volumes,
is justified, and will enable a specific standard for its use to be established by the standards
committees.
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REINFORCEMENT STRESS LIMITS TO PREVENT STEEL
CORROSION IN HPC MEMBERS DUE TO
CHLORIDE PENETRATION
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ABSTRACT. A model to predict the chloride ingress into high performance concrete able to
consider the time-dependency of both the diffusion coefficient and the surface chloride
concentration as well as the effect of the tensile stress in the reinforcement is herein presented.
A parametric study allowed evidencing the role of some of the main parameters that govern the
phenomenon. For this concern different values for the water-cement ratio, the silica fume
content, the concrete cover, the tensile stress in the reinforcement were considered and
structures were supposed to be exposed to three marine environments: coastal zone, splash
zone, permanently submerged. The results evidence a significant increment of the chloride
penetration in the concrete for greater values of the tensile stress in the reinforcement due to the
increase in permeability provoked by the microcraking forming in the concrete between two
major cracks. Moreover, the results show a considerably different durability among the
structures exposed to the splash zone and those exposed to coastal or submerged zone;
Eurocode No. 2 durability provisions are in general not conservative in the former case while in
the latter some tensile stress limitations in the reinforcement are needed.
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INTRODUCTION

The structural design of concrete structures, which is mainly aimed to provide to the structure
adequate safety against the collapse and to satisfy some serviceability requirements (e.g.
cracking, deformation), cannot neglect to consider the effects of environmental agents that may
reduce considerably the durability of the structure.

Among the causes of damage in concrete structures due to these agents, the main chemical-
physical phenomena, which significantly affect the durability of structures through the corrosion
of steel reinforcement, are the carbonation of concrete and the chloride penetration. In
particular the latter phenomenon assumes primary importance for structures exposed to marine
environment. Moreover the corrosion due to chlorides is very dangerous because reduces
locally the reinforcement section (pitting) very quickly without showing appreciable cracks in
the reinforcement concrete cover.

Many existing concrete structures, as bridges, thin precast elements, offshore structures, etc.,
experienced significant damage due to the corrosion of steel reinforcement (e.g. [1]) so very
costly repairing interventions were needed in order to provide again to the structure adequate
safety and serviceability features. Moreover, in some cases, the damage was so serious to cause
the collapse of the structure. Nevertheless, in most of the codes of practice (e.g. [2]), for
durability, only some general rules per each environment exposure are given concerning mix
design, water-cement ratio, curing, reinforcement cover, etc.

In the last two decades many researchers (e.g. [3-8]) devoted their studies to the problem of
chloride ingress into the concrete with the main scope to provide refined models to be used to
predict the durability of structures. The chloride diffusion in concrete is a phenomenon rather
complex because it is governed by many parameters, like concrete composition, curing, time,
temperature, environment, concrete stress, etc. Only limited experimental investigations were
carried out up to now to evidence the interaction between these parameters.

Most of the models [3-7] consider a homogeneous uncracked concrete with unidirectional
diffusion of chlorides; they allow evaluating the chloride content at any time in the concrete
surrounding the reinforcement; when the critical chloride content, close to the reinforcement, is
reached the corrosion propagation phase may start. The papers [7-8] concern a study aimed to
point out the influence of the tensile stress in the reinforcement on the chloride diffusion in
normal NSC and high-performance concrete HPC. The experimental results evidence an
appreciable increase in the chloride diffusion growing up the tensile stress.

The aim of the present research work is to define a model, that considers most of the parameters
listed above including the tensile stress in the reinforcement, and to determine some limitations
to the reinforcement tensile stress in service, which assures that the fast propagation of the
corrosion do not occur for an assigned period of time (e.g. service lifetime of the structure).

For the study three marine environments (coastal area, splash zone, submerged in seawater),
corresponding to exposure zone 4a in EC2 [2], were considered; also the role of HPC mix
design (water-cement ratio, silica fume content) was evident.
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CHLORIDE-INDUCED CORROSION

Reinforcing steel embedded in the concrete develops a protective passivity layer on its surface.
This layer is self-generated after the hydration of cement has started and as long as such a
protection is present the steel remains intact. The presence of chlorides in the concrete
surrounding the reinforcement, due to the exposure of the structure to marine environment, may
destroy locally the protective film and in the presence of water and oxygen corrosion occurs.

The corrosion mechanism for uncracked concrete presented in the literature concerns two
phases: the incubation phase and the propagation phase (Figure 1a). The incubation period
(t<typ) is the time needed to aggressive agents to penetrate to the concrete and to reach, at the
surface of the reinforcement, the concentration that provokes the steel depassivation. The
second phase may be very fast especially in the case of chloride-induced corrosion (pitting),
therefore the sole time interval (0-£,) is normally assumed as safe life for the structure. As a
matter of fact concrete structures are generally cracked in service, so that it is necessary to
evaluate how the corrosion develops in this case. The chlorides penetrate faster in the crack
reaching the critical concentration at the reinforcement level very soon, which follows the
commencement of the corrosion (). However the corrosion products tend to re-passivate the
steel and consequently to arrest the corrosion process (¢ ) as long as the critical chloride content
in the concrete between two cracks at the level of the reinforcement is reached (#* in Figure 1b)
[7]. For cracked concrete, then, the corrosion mechanism concerns four phases: incubation,
commencement, dormancy and propagation (Figure 1b). The crack width influences the
incubation and commencement phases, which are however very brief; the tensile stresses in the
concrete between two consecutive cracks, due to bond, cause microcrackings and consequently
a faster chloride ingress in the concrete. In this case, in fact, the propagation of the corrosion
occurs earlier than for uncracked concrete (#*<t,). The interval (0-7¥) is assumed as service
lifetime of structure.

— Cracked concrete
z | Uncracked concrete
Z o
@] 7 - /
Z @ 3|3 ; / (b)
g 2 |3l | /
& S |55 |
@] E %E dormancy phase /!
incubation S S i
T[ME ! [-———_——- - i’,’
ot t*ty TIME

Figure 1 Corrosion procedure for (a) uncracked and (b) cracked reinforced concrete.

CHLORIDE INGRESS MODEL

The first model to describe the chloride ingress into concrete by diffusion was proposed by
Collepardi et al. [3]. The chloride content as a function of the distance from the surface (depth)
and of the time C(x,t) can be obtained by solving the Fick’s second law of diffusion. Several
researchers obtained the expression of C(x,#) assuming that the chloride diffusion coefficient D,
and the surface chloride content Cg, of the exposed concrete are time-independent. But, this
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assumption is acceptable only when applied to old marine concrete structures, while for younger
structures and especially for newly cast structures would lead to gross deviation from what is
found in practice. In fact, extensive inspection of marine concrete structures evidenced that the
chloride diffusion coefficient and the surface chloride content of the exposed concrete, besides
their dependence to the concrete composition, the workmanship (casting, compaction, curing)
and the environment, are time-dependent [9].

Mejlbro and Poulsen [6] proposed an analytical solution of Fick’s second law of diffusion
considering the time-dependency of the above parameters. In particular it was assumed that the
surface chloride content in the concrete Cyy, is described by the function

P
(,'mzc,.+sp-{[tL—1]~DDa } i )

where C; is the initial chloride content of the concrete, Sp and p are factors depending on the
concrete and environment (Table 1), ¢ and .y are the concrete age and the time of the first
chloride exposure, respectively. The diffusion coefficient D, varies with time as [9]

D, =D, (’7] : @

where Dgey is the value of the diffusion coefficient at time t=f,y and a is an exponent which
varies between 0 and 1 (Table 1). From Equations (1), (2) the solution of Fick’s second law
gives [6]

Clxt)=C;+58, 17 - ¥(z), 3

where C(x,t) is the total chloride content in the concrete at distance x from the exposed
concrete surface at time ¢ and \P'(z) are generalized error functions [6] defined as

n-1 n-1
L p-i)-(2-2)* L (p-05-i)-(2-2)*"
L,P(Z)z z i=0 _ r(p+1) . z i=0 . (4)
n=0 (2n)! I'(p+0.5) n-o (2n+1)!

for n=0 the product function IT gives 1, I'(y) is the gamma function. The factors t and z
represents the functions

I-a o
r:(LJ -(iaa) )
t,, t
0.5-x

= ©6)
T t@X . Daex

The four parameters Sp, p, &, Dgex, needed in Equations (1) and (2), are evaluated through the

Frederiksen derived parameters C7, Cjo0, D], Djgp (Table 1) [9] which account for the

concrete composition and the environment. For concrete the equivalent water-cement ratio is

introduced

eqv(w/c)= - :; — @)
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where w, c, s are the masses of water, cement and silica fume, respectively, per unit volume of
concrete; 8 is the efficiency factor for silica fume. The relationships for the parameters are
summarized in Table 1 [6].

The coefficients kp, &y, kp and k, represents the types of environment (Coastal area, splash

zone, submerged in seawater) and their values are given in Table 2 [6]. Coefficients k; and k,
are non-dimensional, kp, is in [% of mass binder] and kp is in [mm?yr.]. The efficiency factors
o to be used in Equation (7) are presented in Table 3 [3].

Table 1 Relationships for parameters Sp, p, o, Dgex through Frederiksen Cy, C799, D}, D100

D C 9 r
a=05 -logm( 1 ) logw[ﬂ] S —C.. D, ey
Do C, P 1 Do -1 N

100-¢,, Do

p=
N log

Dy =D, | 21 '°[ 1=t D.] 9=0»5-logm(')
D -

C, =k, D
w| b qu(W/C)h D =k, 'exp[— 10 ) Diyoo = p- [k .(‘ - 5"6 ) )]
Coo =k, -C, \I eqv(wjc),, Pl D eq D

Table 2 Values of the coefficients kp, k¢, kp and k,

ENVIRONMENT kp ke kp ke ker
[% MASS BINDER] [mm2/years] [% MASS BINDER]

Coastal area 2.20 7.0 10000 4.60 0.50

Splash zone 3.70 4.5 15000 0.45 0.75

Submerged 5.15 1.5 25000 2.75 2.00

Table 3 Factors &

8
eqv(w/c), -1.50
eqv(w/c)p 7.00
eqv(w/c),, -3.50

The threshold content of chlorides in concrete suggested in [6] is herein considered. The value
represents the total acid soluble chloride content expressed as percentage of the mass binder.
The relationship in function of concrete composition and environment features is

C,=26k, 'exp(— 2.4-eqv(w/ c)cr)’ ®)

cr T

the values of k- and & for eqv(w/c) ¢y, are reported in Table 2 and Table 3, respectively.
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However the model proposed by Mejlbro and Poulsen [6] does not consider the influence of
cracking on the chloride ingress process. As stated in the preceding section, the starting of the
corrosion propagation (#* in Figure 1) is influenced by the tensile stress in the reinforcement,
which causes a significant microcracking in the concrete between major cracks leading to an
increase in the chloride penetration with respect to unstressed concrete.

Konin et al. [8] proposed a relationship that considers the variation of the diffusion coefficient
with the stress level in the reinforcement. Their relationship is derived from experimental tests
carried out on NSC and HPC, measuring the diffusion coefficient after 9 months of exposure.

D,(0,)=D,-(1+598-10% %), ©

where o, is the tensile stress applied in the reinforcement and Dy is the diffusion coefficient
evaluated for uncracked concrete (o, = 0). Substituting Equation (9) in Equation (3) a
relationship for the evaluation of the chloride content into concrete that considers concrete
composition, environment and reinforcement stress is obtained.

RESULTS

The model described in the preceding section was applied to evaluate the corrosion propagation
time (¢* in Figure 1) in function of the main parameters that govern the chloride ingress into
concrete (C; is assumed nil). Such a value can be determined imposing that the chloride content
at the reinforcement level be equal to the threshold content of chlorides (Equation 8).

Three different marine environments were considered: A — coastal area, characterized by very
fine droplets of sea water raised up by turbulence and carried by wind; B — splash zone,
which is wetted by sea water only when the sea is high or the wind is strong; C — submerged
in sea water, which means permanently under water level (in Eurocode No. 2 the three
environments are all included in the exposure class 4a). The intervals of variation of the other
parameters were as follow: water-cement ratio w/c=0.3+0.5, ratio between silica fume and
cement s/¢=0+0.15, concrete cover x=20+40 mm and tensile stress in the reinforcement

5,=0+300 MPa.

The effect of the value of the tensile stress in the reinforcement is evidenced with the chloride
concentration profiles plotted in Figure 2. The curves are related to a concrete made with
w/c=0.40 and s/¢=0.05. In particular in Figure 2a the chloride content in the concrete versus
depth after 50 years of exposure in a costal environment (env. A) is plotted; each curve
corresponds to a different stress value. Analogously in Figure 2b with an exposure of 10 years
in a marine splash zone (env. B).

The diagrams show that an appreciable increase in chloride concentration occurs at the increase
of the tensile stress of the reinforcement. The threshold content of chlorides Cy;., evaluated with
Equation (8), is also reported in the plots. The intersection between the curves and the threshold
of chlorides corresponds to the depth at which the chloride content is equal to its critical value.
For higher reinforcement tensile stress values the critical concentration of chlorides reaches
larger depths.
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Figure 2 Total chloride content against the depth at various reinforcement tensile stress
values: (a) coastal zone — t = 50 years, (b) splash zone - # = 10 years

The corrosion propagation time ¢* against the tensile stress o, is plotted in Figure 3 for cases
with a concrete made with w/c=0.4 and s/c=0.05. Each curve of Figure 3a corresponds to
different environment conditions and x=40 mm. For a structure exposed to a marine splash
zone (env. B) even very small tensile stresses in the reinforcement do not avoid an early
appearance of corrosion (10+15 years) while, for the other two environments considered,
corrosion may occur before than 100 years only when the reinforcement stresses are greater
than 160 or 230 MPa. The curves of Figure 3b correspond to different values of the concrete
cover and refer to a coastal environment (env. 4). As can be noted a significant reduction in the
service lifetime #* occurs for smaller values of the concrete cover.

In Figure 4 similar diagrams as those of Figure 3 are illustrated; the effect of the silica fume
content is evidenced for two different environment conditions. In Figure 4a a w/c=0.5 and x=40
mm in a coastal environment (env. 4) are considered. The increase in the silica fume content
allows for a significant increment in the lifetime for an assigned value of the tensile stress (e.g.
for s/¢=0.15, t*>100 years for 6.<300 MPa. In Figure 4b a w/c=0.4 and x=40 mm in a marine
splash zone (env. B) are considered. In this case lifetime grows moderately at the increase of the
silica fume content: corrosion occurs in a limited number of years. Diagrams similar to those
illustrated in Figures 3 and 4, drawn for all possible combinations of the values of the
parameters that govern the chloride ingress into concrete, provide the reinforcement stress limits
needed to give an assigned durability to concrete structures.

100 x=40 mm | 100 env. A
w/c=0.40 1 | we=0.40
80 || s/c=0.05 i 80 15/c=0.05
7) env. C 7
% 60 % 60
< E
=40 env. B o
20 / 20 ﬁ'\
il x=20 mm
o'k | 0 ; . ; .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
6 [MPa] c,[MPa]

Figure 3 Service lifetime against the tensile stress: (a) influence of the environment,
(b) influence of the concrete cover
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Figure 4 Service lifetime against the tensile stress; influence of the silica fume
content (a) x=40 mm, w/c=0.50, coastal area, (b) x=40 mm, w/c=0.40, splash zone

CONCLUSIONS

The Mejlbro-Poulsen [6] model of chloride ingress into concrete was improved introducing also
the dependency of the diffusion coefficient to the stress in the reinforcement according to the
Konin et al. [8] study allowing to extend the use also for cracked concrete. The results obtained
with this model evidenced an appreciable increase in the chloride penetration rate for greater
values of the tensile stress in the reinforcement. From the study, the influence of some of the
main governing parameters (w/c, s/c, environment, concrete cover) was underlined.

The main results, aimed to determine serviceability requirements in terms of maximum service
reinforcement stresses, showed that the provisions of Eurocode No. 2 are in some cases non
conservative in exposure class 4a (marine environment); for splash zone, in fact, the service
lifetime is in general rather brief, but also for the other two environments considered the service
lifetime reduces appreciably for high values of the reinforcement tensile stresses.

The analytical model can be used to draw tables to be easily used in structural design, where
the values of the design parameters, as concrete mix proportions, reiforcement cover, steel
stresses, etc., are related to needed sevice lifetime for any kind of environment. Moreover,
the model can be easily implemented in numerical procedures to design concrete structures so
as to check that the required structural durability can be fulfilled.
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ABSTRACT. In 1973, a comprehensive experimental research programme began in order to
evaluate the corrosion effects and the long-term behaviour of different types of concrete
elements (reinforced and prestressed, normal and lightweight) maintained in urban and
chemically aggressive environments (industrial chlorine, industrial nitrogen) for 10, 15, 20
and 25 years. The other parameters, which were taken into account in the design of the
programme, are: cement type and cement content, thickness of concrete cover, beam surface
protection type. Protected and unprotected beams maintained in chemically aggressive
environments were analysed, then tested up to failure and the results were compared to those
resulting from witness elements. In the paper, the principal aspects and conclusions
regarding the durability of the concrete beams, after 20 years of exposure, are reported.
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INTRODUCTION

The performance of any important concrete structures cannot be correctly appraised without
taking into consideration the durability criterion, especially in the present conditions of post-
industrial society, characterized by intense chemical pollution. Research programmes in this
field are difficult, costly and require suitable long-term tests. The Cluj Department of
National Building Research Institute (INCERC) began such a comprehensive experimental
programme: 274 full-scale elements (142 R/C and 132 prestressed beams) were cast in three
stages (1973, 1977 and 1979) and loaded until they reached a predicted maximum crack
width [1]. Long-term loaded, the cracked beams were maintained in different chemically
aggressive environments for 10, 15, 20 years and then, after a detailed inspection, were tested
up to failure.  These results were compared to those of unloaded witness elements,
maintained “indoor” in the institute’s testing hall.

In the paper, the principal aspects of the programme are discussed and conclusions after 20
years of monitoring and tests on 80 beams maintained in industrial chlorine environment and
36 beams maintained in nitrogen compounds atmosphere are presented.

RESEARCH PROGRAMME

The programme was performed on two types of elements: R/C beams and prestressed
concrete beams. The following parameters were taken into account when the research
programme was developed: 1) concrete type: normal and lightweight; 2) cement type: high-
early strength (RIM), sulphate-resistant (SRA) and ordinary Portland cement (BSS); 3)
cement content: 300, 400, 500, 550 and 650 kg/m3 ; 4) reinforcement: plain round mild-steel
bars and deformed high-yield bars for R/C beams and wire and compacted strands for
prestressed beams; 5) concrete cover thickness: 1, 2, 3 and 3.5cm; 6) exposure environment:
urban, industrial chlorine atmosphere, industrial atmosphere with nitrogen compounds and
laboratory conditions; 7) protections of elements: unprotected and protected by different
coatings [2]. Dimensions of elements and reinforcement details for the R/C programme are
given in Figure 1.
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Figure 1 Dimensions and reinforcement details for R/C beams
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Figure 2 Loading system and the cracking pattern

Each element was loaded in a 3000 KN testing machine and, the force P, corresponding to a
maximum crack width Wmax = 0.15 — 1.20 mm was recorded, Figure 2. Using the devices
shown in Figure 3, pairs of beams were loaded at force levels corresponding to a crack
reopening controlled value Wipax = 0.15 — 0.20 mm. Long-term loaded, these pairs of beams
were exposed to different conditions:

31 pairs of beams, “outdoor” in the urban environment of our city, Cluj-Napoca;

40 pairs of beams in chlorine polluted industrial environment, near the Chemical
Products Factory of Turda (Cl, concentration of 0.1 to 3.6 mg/m® of air and HCI
concentration of 0.01 to 3.05 mg/m® of air);

e 18 pairs of beams, in industrial atmosphere containing nitrogen compounds, in the yard
of the Chemical Factory Azomures, Targu-Mures (NH4 concentration of 0.16 to 0,38
mg/m® of air and NO, concentration of 0.015 to 0.5 mg/m’ of air);

e 36 unloaded, uncracked witness elements (beams) were preserved “indoor”, in the
laboratory of INCERC — Department of Cluj.
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Figure 3 Cracked beams under long-term loads

RESULTS AND DISCUSSION

After 20 years of exposure to different conditions, 94 reinforced and 82 prestressed concrete
beams were tested up to failure at different ages: at 28 days — 10 beams, at 5 years — 22
beams, at 11 years — 52 beams, at 16 years — 60 beams and at 20 years — 32 beams.

Durability was appreciated according to the following parameters: concrete characteristics,
exterior aspect of exposed elements, carbonation depth of concrete, reinforcement corrosion
degree and ultimate strength capacity of beams.
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Concrete Characteristics

The results on unit weight w,, modulus of elasticity E. and compressive strength of concrete
are given in Table 1. The principal findings are as follows:

1.

A slight decrease of the unit weight in the range of 2% to 3.1% after 10 years and 20
years respectively, is recorded.

The concrete has a significant increase of its Ec: 20% for normal concrete and up to
12% for lightweight concrete. It must be noted that the code ACI 209 R-92 [3]
introduces the time effect on E; using the magnitude of the compressive strength at a

given age t of concrete (f;)l :

(6 = b = e M

a+pt

E, = 0.043[wg(xt(fc' )ZJ; = Jou (B ) 2)

Using estimated values for time-ratio o, given in Table 2, for normal concrete it
results:

(ECt)t=1year 21'077(}30)28 > (ECt t=10 years =1.081 (EC)28

(ECI t=ultimate — 1'086(Ec)28 .

These estimated increases of E. in time, in the range of only 7.7% to 8.6%, differ
significantly from our recorded data which show an increase of 20% in 10 years for
normal concrete specimens and of 12% for lightweight specimens.

Table 1 Concrete characteristics variation

CONCRETE AT 28 VARIATION (A%) AFTER
CHARACTERISTICS DAYS

10 Years 15 Years 20 Years

ro/?]  normal 2210+2430 2.0 24 2.9
Wo [kg/mT] e htweight  1760+1960 22 2.7 3.1
B M normal 2630031100  +20.0 - ;
IMpalhtweight 1760021100  +12.0 - ;

50 FGEN) 56,0 +34.0

normal 42 +16.0 +19.5 +22.0

£.0), [MPa] 50 +9.4 +11.0 +12.5

30 +28.0 +35.0 +37.0

lightweight 39 +17.0 +20.0 +21.0

45 +7.0 +8.4 +10.0

M Mean values of cube compressive strength of concrete (65 measurements)
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Table 2 Time effect on concrete strength
Theoretical and experimental values

TIME 1 5 10 ULTIMATE 15 20 YEARS
YEAR YEARS YEARS YEARS
o, 0 = s 116 - 117 1.18 - -
(fo)2s
Experimental values® - 1.112 1.16 - 1.195 1.22

) Theoretical values for moist cured concrete, cement type I, ACI 209R-92, [3].
@ Experimental values for concrete class C25/30 and C30/37, [5].

3. Relative to compressive strength versus time, the experimental values presented in
Table 1 show a similar rate of strength development for normal and lightweight
concrete. This remark is also reported in different studies [4] and codes [3].

The rate of strength development seems to be dependent on the concrete grade; it is
higher for a concrete grade of between 20-25 MPa and it is slower for concrete having
a higher compressive strength. A medium rate of strength development (16%, 19.5%
and 22% after 10, 15 and 20 years respectively) which is in good agreement with the
theoretical values given by design codes [3] — see Table 2 — corresponds to concrete
having a strength class of C30/37 according to Eurocode 2 [5], widely used in Europe.

We have to underline that all the concretes have continued to increase in strength even
after 10 years. This increase is significant between 10 and 20 years — see Table 1 and
Table 2.

Exterior Aspect of Exposed Elements
In terms of visual observation:

1. In natural urban environment there are no new cracks, no stains but the exterior
reinforcement ends are corroded.

2. In industrial environment with chlorine/nitrogen there appear: new transversal and
longitudinal cracks; a medium to severe scaling process of the concrete surface
according to the provisions of ACI 201R-92 [6]; highly corroded exterior
reinforcement ends. The outward manifestation of steel rusting includes staining,
cracking and local spalling of the concrete.

Rate of Concrete Carbonation

The knowledge and the control of the long-term carbonation resistance of any type of
concrete is a difficult task due to this large variety of constituents-binders, aggregates and
admixtures-on the one hand, and on the other hand owing to the multitude of parameters
which influence this process, including the aggressiveness of the environment, too.
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Being a relatively slow process (a significant carbonation depth is reached after 10 or 20
years [7]), researchers have tried to develop both simulated natural carbonation methods and
accelerated carbonation tests.

The lack of funds and technical means from the 1970-80 made the research team from
National Building Research Institute (INCERC) — Department of Cluj select the natural
carbonation of concrete elements exposed to different environments (urban area, industrial
chlorine and industrial nitrogen areas) as their testing philosophy.

Usually, the cracks represent the “weak™ area of any structural concrete element. As a
consequence, in the cracked beams the carbonation depth in the crack was up to 16 to 18 mm,
but at the same time, the carbonation depth (C.D.) did not exceed 3 to 5 mm between cracks.
For this reason we tried to assess the carbonation process in the cracks and not between
cracks. Previous results [1] have shown that the carbonation depths of the cracked region
depend on several factors:
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Figure 4 Carbonation depths (C.D.) of concrete elements after 20 years of
exposure to different aggressive environments [mm]
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1. Cement content, where carbonation depths greatly decrease as cement content is
increased; a cement content over 430kg/m3 generally maintains the depths of carbonation
under 10 mm, Figure 4.

2. Concrete strength, where the carbonation depths are smaller for the reinforced and
prestressed concrete beams having a higher concrete grade; for instance, elements made
of concrete with compressive strength of 52.7 and 57.7 MPa showed the best behaviour
even in the most aggressive environment (chlorine industrial): after 20 years of exposure,
the depths of carbonation are only between 2-7 mm, Figure 4.

3. Cement type, where for equal cement content and similar conditions of exposure, the
use of high-early strength cement leads to the smallest carbonation depths.

4. Environment type, but the carbonation process is slightly influenced by the exposure of
the specimens in an atmosphere containing chemically products as chlorine (Cly) or
ammonium (NHy) as it is more dependent on the relative humidity of the environment,
temperature, permeability of the concrete and concentration of CO; [6]. For this reason
in Figure 4 there are not significant differences regarding the carbonation depths versus
environment type.

5. Concrete type, where the lightweight concrete is most sensitive to carbonation when
cement content below 400kg/m” is used; for such situation, the lightweight elements had
10 to 30% deeper carbonation depths versus the normal concrete ones, Figure 4.

Reinforcement Corrosion Degree

In all beam types corrosion was revealed by the presence of rust stains at the lower side of the
reinforcement, in the cracked area. Between cracks, the medium length of rust stains (I;)
depends on the thickness of concrete cover, on carbonation depth and on the chemical
aggressivity of the environment. After 20 years of exposure the following were observed:

1. All the stirrups that are in the vicinity of the cracks are corroded.

2. At the elements with a concrete cover of 1 cm and 2 cm, rust stains have extended over
the whole circumference of the bar and along its whole length.

3. In chemically aggressive environments (chlorine, nitrogen), at the elements with a
concrete cover of 2 cm, longitudinal cracks have been produced, followed by the spalling
of the concrete on certain zones.

4. In general, the length of the rust stains decreases by half, if the thickness of the concrete
cover increases from 2 cm to 3.5 cm. The last three observations show that for
reinforced concrete elements, only the use of a 3.5 cm concrete cover provides
satisfactory protection. In fact Eurocode 2 [5] has also similar requirements for
reinforced elements related to the environmental exposure class 5 (aggressive chemical
environment) where, the minimum concrete covers are 2.5, 3.0 and 4.0 cm for 5.a, 5.b
and 5.c, respectively.
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For reinforced concrete elements with cement content of 300kg/m’, a very significant
increase (70-100%) of rust stain length is recorded between 10 and 20 years of exposure.

In general, at lightweight concrete elements the rust stains on the reinforcement are more
extended in comparison with the elements of the same type of normal concrete.

At the elements protected by different coatings the presence of the rust has been noticed
only in 2-3 isolated cases, in which the coating were degraded.

In industrial chlorine atmosphere were recorded the most significant damages: highly
corroded reinforcement ends, corroded hoops, spalling of the concrete between the end
of the beam and the first hoop; in the specimen OS 400 BA-P (reinforced concrete beam,
normal concrete, sulphate-resistant cement, cement content of 400 kg/m®, protected)
even a reduction of 50% of the bar cross-section was noticed.

In similar conditions of exposure, the concrete specimen (OS 500 BA-P) made with an
increased cement content of 500 kg/m® had absolutely no rust stains, underlining the
importance of an adequate cement content for concrete exposed to chemically aggressive
environments.

Ultimate Strength of Beams

In terms of beam strength the following may by asserted:

1.

There are no significant differences between elements of the same type, maintained in
different aggressive environments. Tested up to failure after 20 years of exposure, a
similar ultimate capacity for elements exposed to urban and industrial nitrogen is
recorded. However, a 10% reduction of the ultimate bending moment M, for the beams
maintained in industrial chlorine environment versus those maintained in urban
conditions clearly appears from Figure 5, where data for beams of OS 500 type are
given.

Mu
[kNm) 163 16,7
N
15,7 R/C
\ 0S 500
NN IND. IND.
CHLORINE URBAN NITROGEN
/\ Environ. types

Figure 5 Ultimate beam capacity for different conditions of exposure (20 years): reinforced

concrete beam of OS 500 type
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2. There is a similar behaviour during the experimental tests for protected and unprotected
beams. This aspect is shown in Figure 6 for reinforced concrete elements, made of
normal concrete, using sulphate — resistant cement and a cement content of 500 kg/m>.
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Figure 6 Moment deflection diagrams for protected and unprotected R/C elements
(20 years of exposure to industrial chlorine environment)
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Figure 7 Effect of time on the ultimate capacity of the beams

3. The ultimate capacity (M,) of the beams decreases in time. Figure 7 shows that the ratio
M, /M.", where M,V is the ultimate capacity of the witness beam, is generally
substandard: 0.91 after 9 years, 0.78 after 16 years and 0.75 after 20 years. From the
analysis of more then 60 tested beams, the following could be reported:

e Lightweight concrete elements showed a greater reduction of their ultimate capacity
(aprox. 10%) than the normal concrete elements.

e For the beams made of concrete with high-compressive strength (f;),s = 53-58 MPa
(strength class of concrete C35/45 and C40/50 [5]), the reduction of the ultimate
bending capacity with time is smaller, only 0.82+0.92, after 20 years.
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CONCLUSIONS

The main results and conclusions are summarised as follows:

1.

6.

The rate of strength development is dependent on the concrete grade; the concrete
strengths have continued to increase even after 10 years and, between 10 and 20 years
this increase is significant.

After 20 years of exposure, the aggressive industrial environments have produced a
medium to severe scaling process of the concrete surface, staining, cracking and local
spalling of the concrete.

The rate of carbonation depends on several factors, such as: the cement content, cement
type or concrete type, but it is slightly influenced by the environment type.

Regarding the protection against the reinforcement corrosion, the importance of an
adequate cement content (e.g. 500 kg/m®) and a minimum of 3.5 cm concrete cover for
the R/C beams exposed to industrial chlorine atmosphere is to be kept in mind.

The ultimate capacity of the beams decreases in time; reductions of 10 to 25% after 20
years, being recorded.
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THE CONDITIONS OF THAUMASITE FORMATION
AND ITS ROLE IN CONCRETE
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ABSTRACT. The following report will mainly be focused on the conditions of thaumasite
formation in concrete and mortar. Until now in literature there has been a predominant
opinion that the destruction of concrete by sulphate ions is connected first of all with
expansive ettringite and gypsum formation. The C3A content in cement is the main parameter
limiting the resistance of concrete to chemical corrosion. However, recent research indicate
that CSH also undergoes sulphate corrosion, especially in the presence of CO, and in lower
temperatures. In this case the thaumasite, which crystals are similar to those of ettringite, is
produced. The formation of thaumasite also results in expansion causing the microcracks in
concretes and mortars. Preliminary results of the experiments dealing with the influence of
C/S ratio in CSH on the thaumasite formation will be presented. In order to identify this
phase the XRD and SEM — EDS methods will be used.
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INTRODUCTION

Concrete durability can be defined as a complex of assumed properties, which must be
attributed to the construction within the longest possible time of utilization [1,18]. There is a
number of factors influencing concrete durability, and among them are: section of
components, technology, curing and maturing conditions, mechanical load constant and
variable, influence of corrosion environment and maintenance / conservation. In many cases
the factors mentioned above influence concrete together. The chemical corrosion belongs to
the factors which change concrete durability in a significant way [1].

Concrete corrosions in environment sulphate is the most dangerous. As a result the expansion
with gypsum and ettringite formation takes place [1]. The amount of gypsum and ettringite
depends mainly on the content of calcium hydroxide and hydrated calcium aluminate [2]. The
influence of ammonium sulphate and magnesium sulphate can be considered among even
more destructive for concrete [3,4]. In case of magnesium sulphate also the most durable
CSH phase undergoes decomposition [2].

Another example of CSH destruction in concrete occurs when thaumasite is produced [5].
Thaumasite forms as a result of alkali sulphates and CO, attack on concrete in lower
temperatures and conditions of high humidity [5,6,7].

C/S ratio in the CSH phase to a large extend depends on the sort of cement. It is known that
created CSH phase as a result of cements hydration consisting big amounts of granulated
blastfurnace slag or pozzolana is characterized by much lower C/S ratio than in case of
traditional portland cements. Moreover, portland cement contains in its mineral composition
different amounts of C3S which will also have influence on the C/S ratio in created CSH
phase.

Recently, it has been very popular to add silica fume to concrete mixtures which bind
Ca(OH); and simultaneously create CSH phase of lower C/S ratio than in traditional cement.
Thus, research results indicate practical meaning of choosing mineral composition of clinker
and mineral additives to cement, which will be used to create concrete used in the
constructions exposed to thaumasite form of sulfate attack.

The investigations of many authors indicate that many concrete constructions may be
deteriorated by thaumasite formation as a result of sulphate attack. Typical elements that may
suffer from thaumasite sulphate attack are: fundations, colums and pier bases, ground slabs
and buried pad fundation, roads pavements, trench fill and concrete drainage pipes, ground
cincrete anchors and tunel linings [5]. As a result of thaumasite sulphate attack on the
elements mentioned above, the potentially significant structural effects have been identified
as: loss of concrete cross-sectional area, loss of cover concrete to the reinforcing bars and,
possibly, beyond the bars, loss of bond between reinforcement and concrete in affected zones,
settlement, inducing structural damage and loss of durability as a result of loss of protection
against reinforcement corrosion [5].

Examples of the thaumasite sulphate attack effects above mentioned are widely described in
literature. The British authors, among others point out the numerous cases of thaumasite
sulphate attack phenomenon occurring mainly in concrete foundations of industrial buildings,
flats and flyovers and bridges in Great Britain [5,6,7]. Such cases have also been noticed in
concrete surface and car and train tunnels in the Italian Alps [8]. Also very dangerous - and
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described in the literature - are symptoms of thaumasite sulphate attack in concrete
constructions in dams located in Italy [9]. There are also cases of similar sulphate attack in
historical buildings in Greece and Turkey [10].

In the following report the preliminary research results on the influence of C/S ratio in CSH
on the thaumasite formation will be presented.

EXPERIMENTAL PART

Concrete is produced from different cements. The differences may concern mineral
composition and mineral additives used. As a reasult of cement hydratation CSH phase is
formed with variable C/S ratio of 0,8 to 2,5. In order to follow the C/S effect the CSH has
been synthesized with C/S ratio of 0,8, 1,5, 2,0, 2,5.

CSH synthesis

The mechanism of calcium silicate hydrate synthesis has been studied by many authors
[11,12,13,14]. This process includes the following stages:

— surface protonation with OH™ formation
— seperation of Si(OH);3" into the solution

— reaction between Ca’" from the solution and silicate ions with formation of a product
rich in CaO (so-called CSH II of C/S ratio about 1,5 - 2,0)

— reaction of an initial product with SiO; dissolution product with CSH phase poorer in
CaO synthesis(so-called CSH I of C/S ratio about 0,8 — 1,0)

— depending on the conditions of the synthesis and proportions between SiO, and CaO
the ordering of structure with formation of tobermorite and xonotlite or other phases
takes place.

A relatively slow rate of quartz dissolution is the factor controlling the rate of CSH synthesis.
The process can be considered as a hydration reaction “by solution” in which we can identify,
in the most general case, the phase of dissolving substrates and precipitation of products. The
process of setting and hardening of the products containing calcium silicate can take place in
normal temperature under the atmospheric pressure or by using hydrothermal conditions, that
is the temperature above 100°C and saturated water vapour. As a result of the reaction in the
reacting mixture we get the products formed in the form of calcium silicate hydrates,
characterized by different degree of order.

In the following research a synthesis of CSH phase was carried out in hydrothermal
conditions. The materials were put together in the proportions expressed by C/S mole ratio,
which were given by the following values 0,8, 1,5, 2,0, 2,5. In the hydrothermal process of
CSH phase synthesis the silica flour and burnt lime were used, mixed in proper C/S
proportions. Then the mixture was homogenized with added in amount to guarantee putting
of lime and hydration of the ingredients (w/s equal 1,0). The mixture was then put into a
container where it underwent slaking process in 50°C within 2 hours. After that it underwent
a homogenization process again. The variable parameters of treatment was time of synthesis
(8 and 24 h), and C/S ratio. The samples prepared in such a way where subjected to thermal
processing at 180°C under the equilibrium pressure of water vapour.
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Preparation of pastes

CSH obtained as mentioned above was used to prepare pastes with composition given in a
table 1 and 2. As a mineral additions were used: CaCO3, Ca(OH), and Na;SO4°10H,0 in
variable quantities in relation to CSH phase. From the mixtures the pastilles were made with
dimensions d x h = 12 x 8 mm. The pastilles were pressed with deaeration of the mass.
Pressing took place under pressure of 1kN. The samples prepared in such way were subjected
to testing for sulphate attack resistance of CSH phase.

Table 1 Composition of pastes produced from CSH phases of variable C/S ratio,
cured in hydrothermal conditions within 8 hours of the autoclaved process

o SAMPLE COMPOSITION OF SAMPLES
CODE C/S ratio in CSH phase CaCO;  Ca(OH),  Na:SO4
p-p-a p-p-a -10H,O
0,8 1,5 2,0 2,5
weight [%]
1 P/8/1D 75 - - - 10 5 10
2 P/8/2D - 75 - - 10 5 10
3 P/8/3D - - 75 - 10 5 10
4 P/8/4D - - - 75 10 5 10
b P/8/1 100 - - - - - -
6 P/8/2 - 100 - - - - -
7 P/8/3 - - 100 - - - -

8 P/8/4 - - - 100 - - -
Table 2 Composition of pastes produced from CSH phases of variable C/S ratio,
cured in hydrothermal conditions within 24 hours of the autoclaved process

o SAMPLE COMPOSITION OF SAMPLES
CODE C/S ratio in CSH phase CaCO; ~ Ca(OH);  Na;SO4
p. p- a. p. p- a. -10H,O
0,8 1,5 2,0 2,5
weight [%]
1 P/24/1D 75 - - - 10 5 10
2 P/24/2D - 75 - - 10 5 10
3 P/24/3D - - 75 - 10 5 10
4  P/24/4D - - - 75 10 5 10
5 P/24/1 100 - - - - - -
6 P/24/2 - 100 - - - - -
7 P/24/3 - - 100 - - - -
8 P/24/4 - - - 100 - - -
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Conditions of maturing

The pastes produced in accordance with the assumptions given in preparation of pastes in the
form of pastilles, divided into two testing series, stored in two different temperature ranges
[15,16,17]:

- I 5+1°C range
— II: 20 + 2°C range.

Both series were placed above the distilled water in plastic containers closed tightly. The
samples matured in a horizontal position Smm from the surface of water. Water was not
exchanged during entire testing process and its level was maintained only by adding fresh
distilled water. The testing took place after: 28, 90, 180, 270 and 360 days.

RESULTS

The influence of CaCOj;, Ca(OH), and Na,SO, additions used for preparation of CSH phases
with variable C/S ratio from 0,8 to 2,5 and conditions of storing samples on possibilities of
occurrence of thaumasite were estimated according to results obtained by SEM — EDS and
XRD. The results presented here are showing results of investigations of binders after 90 and
180 days of curing.

Analyzing results obtained from observations of samples after 90 days of curing, proved by
scanning microscopy, it could come to conclusion that the beginning of crystallization of
fibre — like form [Fig.1a] are observed in samples doped with CaCO3, Ca(OH), and Na,SO4
with C/S ratio 2,5 and stored in temperature 5°C, apart from method of obtaining CSH phase
(time of autoclaved process). The observed beginnings of crystallization take their places in
region of cracks, gaps and voids in samples [Fig.2a]. Additionally on the basis of results of
analysis of chemical composition of these forms, acquired by EDS method, it could be
concluded, that we have to deal with existence of thaumasite forms [Fig.1b,2b].

b)
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Figure 1 Results of SEM observation sample (P/8/4D) of C/S ratio 2,5 admixtured
CaCO;, CaOH; and Na,SO; stored in SOC, after 3 months. a) The beginning of
crystallization of fibre — like form, b) EDS analysis of these form
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Figure 2 Results of SEM observation samgle (P/24/4D) of C/S ratio 2,5 admixtured
CaCO;, CaOH; and Na,SOy stored in 5°C, after 3 months. a) The beginnings
of crystallization in region of cracks and gaps in sample, b) EDS analysis

Analysis of obtained results of samples after 90 days of curing by XRD method let us to
claim that in each case, samples of these binders consist of CSH phase with variable C/S ratio
and additions of CaCOs, Ca(OH), and Na;SOy4, and also indicates on formation of gypsum.

Results of investigation of samples after 180 days of curing were obtained with same
methods, namely SEM — EDS and XRD. Analyzing results obtained from observations of
samples after 90 days of curing, proveided by scanning microscopy, let us to conclude, that
crystallization of fibre — like forms existing in earlier stage of observation (90 days) in
samples with addition CaCO;, Ca(OH), and Na,SO4 with C/S ratio 2,5 and stored in
temperature 5°C shows changes in microstructure in leading to formation of better
crystallized products [Fig 3a]. The EDS chemical analysis proves thaumasite’s character of
these forms [Fig. 3b].
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Figure 3 Results of SEM observation sample (P/24/4D) of C/S ratio 2,5 admixtured CaCOs,
CaOH, and Na,SOy stored in 5°C, after 6 months. a) Formation of better
crystallized products, b) EDS analysis of these form
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Similar crystallization were observed in CSH samples with C/S ratio 1,5 and 2,0 doped with
CaCOs, Ca(OH), and Na,SOy stored in 5°C [Fig. 4a,5a]. Also in this case EDS chemical
analysis proved thaumasite’s character of these forms [Fig. 4b,5b].

Figure 4 Results of SEM observation sample (P/24/2D) of C/S ratio 1,5 admixtured CaCO3,
CaOH, and Na,SO; stored in 5°C, after 6 months. a) Crystallization of fibre-like
forms, b) EDS analysis of these form

b)

Figure 5 Results of SEM observation sample (P/24/3D) of C/S ratio 2,0 admixtured CaCOs,
CaOH; and Na,SO; stored in 5°C, after 6 months. a) Crystallization of fibre-like
forms, b) EDS analysis of these form

The crystallization of thaumasite’s form took place both in cracks and gaps as in region of
voids in discussed samples. Whereas SEM observations of samples CSH with C/S ratio 0,8
with additions of CaCOQ;, Ca(OH), and Na,SOy stored in temperature 59C, in which fibre —
like forms were not observed in cracks, gaps and voids, shows crystallization of portlandite
[Fig. 6a], which identification was proved by EDS chemical analysis [Fig. 6b].



148 Malolepszy, Mroz

Figure 6 Results of SEM observation sample (P/24/1D) of C/S ratio 0,8 admixtured CaCOs,
CaOH; and Na,;SOj, stored in SOC, after 6 months. a) Crystallization of portlandite,
b) EDS analysis of these form

Analysis of the XRD results of samples curing for 180 days, was made on basis of changes in
intensity of main reflexes assigned to the mineral phase, it allows to conclude that while time
of curing is longer there’s less amount of CaCO; and CaSO42H,0 in samples doped with
CaCOs3, Ca(OH); and Na,SOq, stored in temperature 5°c.

DISCUSSION

Synthesised CSH phase, which was used as a alite hydration product was characterised by
variable C/S ratio from 0,8 to 2,5. Obtained pastes are characterised by assumed C/S ratio. It
should also be mentioned that apart from CSH phase of assumed ratio there is also CSH of
different C/S ratio. However the CSH of assumed ratio dominates as it results from SEM-
EDS data.

A circumstance which decided about carrying out research of assumed range was variety of
cement used currently to concrete production which are characterized by a changeable C/S
ratio in CSH phase created during hydration process.

The observation of samples containing apart from CSH, CaCOj;, Ca(OH); and Na,SO4 do
prove some volume changes in the form of cracks and scratches. The cracks and scratches
appear in samples stored in 5°C.

The obtained results indicate that a pace and an amount of appearing crystallization of fibre —
like form are determined by the C/S ratio in CSH as it results from SEM — EDS data. SEM
observation confirm the presence of fibre — like form in binders containing CSH of C/S
ratio = 1,5; 2,0 and 2,5 doped with CaCOj3;, Ca(OH), and Na,SOy4 and stored in 5°C, which
EDS analysis proves thaumasite’s character of these form.
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The results of XRD analysis allow to say that in the initial period of time (90 days) in the
samples containing CSH as well as CaCOj3, Ca(OH), and Na,SO; stored in 5°C gypsum is
formed. Whereas after 180 days an intensity of reflexes assigned to the gypsum and calcium
carbonate decreases visibly.

To confirm the SEM — EDS results more research is carried out, which also includes IR and
NMR. Additionally, thaumasite synthesis has been done which will make easier to identify it
by using IR and NMR methods.

The range of research aims to find an answer if the presence of ettringite is necessary for the
formation of cristalized thaumasite.
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ABSTRACT. Some 50% of the aggregates used for construction in Hong Kong are
imported, mostly from nearby quarries in Mainland China. While local aggregates produced
from granite are generally regarded as non-reactive with respect to alkali aggregate reaction
(AAR), less can be said about imported aggregates. Structures suffering from the effects of
AAR have been reported, investigated and confirmed by the Public Works Central
Laboratory (PWCL). Accelerated mortar bar test (AMBT) methods were used at the PWCL
for testing the alkaline aggregate reactivity of aggregates, including imported aggregates and
recycled aggregates. The results of these tests using four different AMBT methods,
originated from Hong Kong, the US, Canada and Europe, are presented and discussed in this
paper. This paper also describes a study which compares the results of AMBT using high
alkaline cement in forming the mortar bars with those using low alkaline cement but with
sodium hydroxide or sodium chloride added. The International Union of Testing and
Research Laboratories for Materials and Structures (RILEM) method was used for the
AMBT. The differences in the results are highlighted and discussed. The study also
investigated the role of alkaline in the cement, and of the sodium ions and hydroxide ions
added to the mortar mix during the AMBT in the development of AAR.

Keywords: Reactive aggregates, Recycled aggregates, Alkaline, Alkali-aggregate reactions,
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INTRODUCTION

Concrete is a construction material made by mixing cement with coarse aggregates, fine
aggregates, water and possibly admixtures. Good quality concrete should not only have the
required minimum strength, but should also be durable. Both the required strength and
durability of concrete are achieved by a judicious choice of component materials in the right
proportions, proper placing and adequate curing. The alkali in the cement, which is
important to the strength development of concrete, may however be the source of severe
durability problems. It can react with some forms of silica in the aggregates, and cause
expansion and cracking of the concrete. This process is known as alkali-aggregate reaction.

As the characteristics of two of the major components in concrete, aggregates and cement,
vary depending on the geographic location, thus affecting the strength and durability of
concrete, a local testing method of AAR was developed to suit the local use of aggregates
having unique reactivities and cement with low alkaline contents. The Public Works Central
Laboratory (PWCL) started to develop its own AAR testing method in 1993 based on the
method by Oberholster and Davies [1] of the National Building Research Institute (NBRI).
In this method, the mortar bars are stored in one molarity solution of sodium hydroxide (1M
NaOH) at a temperature of 80°C for 14 days. The classification of alkali reactivity of
aggregates is based on the expansion of the mortar bars after 14 days. This method is aimed
to quickly screen aggregates for the potential alkali aggregate reaction in concrete. This local
AMBT method, named as the PWCL CON 5.5, has been adopted for use by the PWCL as
one of the routine tests for evaluating the alkaline reactivity potential of aggregates.

OCCURRENCE OF AAR IN HONG KONG
Background

Although AAR has been known to be a problem in many parts of the world, it was not
discovered in Hong Kong until 1991. The Standing Committee on Concrete Technology
(SCCT), formed in 1982 with the principal aim of monitoring and setting the standard of
concrete construction in Hong Kong, became aware of the occurrence of AAR which can
cause detrimental expansion of concrete. A number of concrete structures in Hong Kong
were identified with ‘map cracking’ — a crack pattern characteristic of AAR. Consequently,
an AAR sub-committee of SCCT chaired by the Chief Geotechnical Engineer/Materials of
the Geotechnical Engineering Office (GEO) was set up to coordinate all investigative and
research work related to AAR in concrete in 1991. The sub-committee comprises
representatives from various Government departments. This sub-committee issued a
Technical Circular (Works Branch Technical Circular No. 5/94in 1994 [2]) recommending a
limit of 3 kg of reactive alkali content per cubic metre of concrete to safeguard concrete
against AAR. The most common type of AAR, identified in Hong Kong, is alkali-silica
reaction (ASR). ASR is related to the chemical instability of various forms of silica minerals
(e.g. opal, cristobalite, micro- to cryptocrystalline quartz) under high pH conditions. These
silica minerals were found to present in aggregates from Wu Shek Koo Quarry (located in
Shenzhen Special Economic Zone just across the border of Hong Kong). Since the control of
alkali content (3 kg/m’) in concrete had not been imposed prior to 1994, the alkali content of
concrete structures constructed using these aggregates could be high, and the occurrence of
ASR in these concrete structures could be expected.
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Projects investigated

The Materials Division of GEO was requested by SCCT to investigate a number of suspected
cases of AAR in Hong Kong. Consequently, an AAR investigation programme was set up in
the PWCL of the Materials Division. The investigation included site monitoring, expansion
test, and petrographic examination and chemical analysis of concrete specimens obtained
from in situ structures. The investigative work was reported subsequently [3, 4 & 5]. Study
of aggregates from a number of quarries in Hong Kong and in southern parts of Mainland
China close to Hong Kong was also carried out for identifying potential AAR problems by
means of AMBT. The case of Shek Wu Hui Sewage Treatment Plant was thoroughly
investigated and the techniques used are highlighted below.

Site monitoring

Ten hexagonal rosettes of Demec gauges were installed on the concrete structure to measure
strains in three directions. Measurements were taken four times in each of the three rosette
directions in each site visit. The strains measured at the ten Demec gauges in the horizontal,
the left slanting and the right slanting directions were plotted against time. Details of the
results were reported by Tse & Gilbert [6].

Expansion test

The procedure for the expansion tests is based on ASTM C 227-90. Seventeen bars of 25 mm
x 25 mm x 70 mm long were prepared from nine 100 mm diameter cores taken from selected
locations on the walls of the sedimentation and aeration tanks. They were individually
wrapped in wet towel and immersed in water inside a sealed plastic container. The container
was then stored in an environmental chamber with the temperature maintained at 38°C and
relative humidity above 95%. The expansion of the bars were measured at regular intervals.
The results of the tests for the Shek Wu Hui Treatment Plant investigation indicated that all
specimens expanded rapidly by about 200 to 300 microstrains (i.e. 0.02 to 0.03%) after
fourteen days of testing [6].

Petrographic examination

Petrographic examination of concrete specimens was carried out generally in accordance with
the requirements of ASTM C 856-86. Thin sections of 65 mm x 45 mm x 30 um thick were
cut and vacuum impregnated with fluorsecent or colour dyed resin prior to the microscopic
examination. The examination provided information on the cement/aggregate relationship,
mineral phase in the cement and aggregates, aggregate composition and nature of
microcracks. It also allowed the identification and assessment of ASR reaction centres and
gel products. An example of observation from a petrographic examination is shown in
Figure 1.

Chemical analysis

The white solids obtained from the expansion tests were examined by means of infrared (IR)
spectroscopy and scanning electronic microscope and energy dispersive x-ray (SEM-EDX)
spectroscopy to identify their chemical composition. The carbonate group (COs®) was
identified in the IR spectroscopy with C-O bond stretch absorption peak.
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Figure 1 Petrographic examination of a concrete core specimen
from a footbridge in Fanling, Hong Kong

The SEM analysis of the white solids revealed that the matrix material was generally poorly
crystalline to amorphous with individual crystals of size between 2 pm and 5 pm. From the
EDX analysis, calcium was found to be the dominant element in the white solids. These
white solids were then concluded as CaCOs. The total alkali content of concrete specimens
obtained from sites were tested since high alkalinity conditions can initiate AAR in concrete.
The results of alkaline contents were found to be as high as 15 kg/m® of concrete in some
cases, which far exceeded the limit of 3 kg/m® [7] that was not yet introduced at the time the
concrete was cast. With such high alkaline contents, it is not surprised that AAR has taken
place in the concrete.

ASSESSMENT OF AGGREGATES BY ACCELERATED MORTAR BAR TEST

A number of AMBT methods were continued to be developed, but they often involved the
use of a high temperature up to 80°C which can distort the normal behaviour of the
constituents of concrete. Several national standard methods (e.g. ASTM C 1260-94, CSA
A23.2-25A-94, RILEM AAR-2: 2000 and DD 249: 1999) are available for AMBT. These
methods involve the mixing of cement of high alkali content with aggregates of size 5 mm —
125 um and storage of the mortar bars in sodium hydroxide solution (1M NaOH) at 80°C for
14 days after demoulding. A length-measuring device, accurate to 0.002 mm, is used to
measure the changes in length of the bars at regular intervals. A detailed comparison of the
various AMBT methods is given in Table 1. In order to assess the susceptibility of various
types of aggregates to AAR , the PWCL has carried out a series of AMBT including PWCL
CON 5.5 on local and imported aggregates from various sources using different AMBT
methods, and the results were shown in Table 2.
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Table 1 Comparison of various accelerated mortar bar test methods

PWCL ASTM CSA A23.2- RILEM DD 249 : 1999'

CON 5.5 C 1260 (94) 25A (94) AAR-2 (2000)
Size of specimen 25 x25x285 25x25x285 25x25x285 25x25x285 25x25x250

mm mm mm mm mm
Laboratory 20 +2°C; 20°C to 27.5°C; 20°C to 26°C; 20 +2°C; 20+ 5°C;
conditions RH > 65% RH > 50% RH >50% RH: >250% RH: >250%
Temp. of water 20 + 2°C 23+ 1.7°C 23 £2°C 20x2°C 20+ 5°C
used
Specification of Locally Complies with  Pass through Specific surface Same as RILEM
cement available specification 710 pm sieve to >450 mz/kg;

cement, C150. remove lumps  autocave

preferably with A utocave expansion <0.2

alkali content expansion or

>0.55% <0.2% MgO soundness

=0 mm
Alkali content of 0.85+0.05%  Negligible or of 0.9 +0.1% Min. 1.0% 1£0.1%
cement minor effect on
expansion

Storage cabinet 20 +2°C; RH 23+1.7°C, RH23+2°C, RH20+1°C; RH 20+5°C
formouldand > 95% for > 95% for >95% for 24 +2 >90% for 24+ for
duration of 24 + 2 hrs 24 + 2 hrs hrs 2 hrs 24 £ 2 hrs
storage

Volume ratio of ~ Min. 4 times 4+0.5times 4+05times 4+05times 4.8 times vol. of
NaOH solution to vol. of mortar  yol. of mortar  vol. of mortar ~ vol. of mortar ~ mortar bars

specimen bars bars bars bars

Storage IN NaOH at IN NaOH at IN NaOH at IN NaOH at IN NaOH at

Conditions 80°+2°C 80°+1°C 80+2°C 80°+2°C 80°+2°C

Measuring time  Within 20 sec 15+ 5 sec 15+ 5 sec Within 15 sec  Within 15 £ 5 sec

Compliance Not specified Innocuous if Innocuous if Innocuous if Innocuous if

criteria expansion expansion expansion expansion
<0.1% <0.15% <0.1% <0.1%

Follow up action Not specified  Petrographic Petrographic Petrographic Not specified
examination examination examination

(" The DD249 is a Draft for Development and should not be taken as a British Standard

Comparison of accelerated mortar bar tests

The mean percentage expansions of mortar bars prepared using aggregates obtained from
local and imported sources and measured using the PWCL CON 5.5, ASTM C 1260, CSA
A23.2-25A and RILEM AAR-2 methods were compared in Table 2. As can be seen, these
methods are able to clearly identify the reference aggregates of ash tuff and granodiorite, for
which a 14-day mortar bar expansion was found to be greater than 0.1%, as reactive
aggregates. Aggregates of granite and diorite were found to have 14-day expansion of less
than 0.1%. They were therefore considered as innocuous with respect to AAR. This 0.1%
expansion is considered by the methods studied as the lowest limit below which aggregates
could be considered as innocuous. The above mentioned four AMBT methods produced
similar expansion results.
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Table 2 Comparison of mean percentage expansion of mortar bars
measured using different test methods

AGGREGATE MEAN EXPANSION OF MORTAR BARS AT 14 DAYS OF TESTING (%)’
PWCL ASTM CSA A23.2- RILEM RILEM RILEM
25A (94 AAR-2 AAR-2 AAR-2
CONS5.5  C 1260 (94) Kol (2000)? (2000 (2000)°
San Jian Shan 0.017 0.016 0.016 0.054 0.038 0.029
(Granite)
Oi Ling Ding 0.019 0.019 0.019 0.043 0.034 0.039
(Granite)
Little Montana 0.020 0.025 0.024 0.046 0.038 0.039
Island (Granite)
Chung Hsin Chau 0.023 0.024 0.021 0.050 0.036 0.027
(Granite)
Er Chau 0.026 0.033 0.025 0.065 0.041 0.041
(Granite)
Chik Wan 0.029 0.030 0.026 0.063 0.040 0.052
(Granite)
Nitutou Island 0.044 0.050 0.047 0.106 0.092 0.073
(Granite)
Hung Wan 0.059 0.064 0.055 0.083 0.093 0.072
(Diorite)
Little Spider Island 0.184 0.137 0.135 0.191 0.193 0.186
(Granodiorite)
Wu Shek Koo 0.298 0.285 0.224 0.311 0.291 0.217
(Ash tuff)
Spratt 0.458 0.421 0.423 0.467 0.504 0.464
(Reference)
Shek O 0.026 0.016 0.036 0.049 0.043 0.052
(Granite)
Lam Tei 0.068 0.084 0.078 0.102 0.056 0.061
(Granite)
Lamma Island 0.074 0.090 0.076 0.158 0.142 0.108
(Granite)
Anderson Road 0.350 0.334 0.359 0.448 0.408 0.309
(Ash tuff)
Kai Tak Airport - -- 0.040 - - 0.030
(Recycled)
Tseung Kwan O - - 0.150 - -- 0.160
(Recycled)

" The results shown in the above table are the mean of at least two sets of results.

@ The “Asano” band OPC, the specific surface area of which is less than 450 m2/kg, was used for
the test with sodium hydroxide solution added to arrive at an alkali content of 1.25%.
@ The “Feng Jiang” brand OPC, the specific surface area of which is greater than 450 mz/kg, was used
for the test with sodium chloride solution added to arrive at an alkali content of 1.25%.

“" The “Norcem™ brand OPC, which is specified by the RILEM Standard Method, was used for the test
without addition of any chemicals.
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Accelerated mortar bar test on recycled aggregates

Recently , Hong Kong has started to consider the inclusion of recycled aggregates in new
concrete structures . This will avoid dumping the aggregates unnecessarily as waste to
landfill sites thus reducing their useful life. Presently there are two large sites of recycled
aggregates. One is at the Kai Tak Airport where the recycled aggregates were produced from
the concrete of the runway. The other one is at a landfill site at Tseung Kwan O. The
compaction strength, flakiness index and chloride and sulphate contents of these recycled
aggregates were tested in a series of laboratory trials. The results of these tests were found to
comply with the respective standard for aggregates and were similar to those of normal
aggregates [8]. The PWCL CON 5.5 was once again used to evaluate the reactivity of
recycled aggregates to screen out those recycled aggregates that may cause AAR in concrete.

RESULTS AND DISCUSSION
Reactivity of local, imported and recycled aggregates

As can be seen from Table 2, all aggregates of granite from the Lam Tei, Lamma Island and
Shek O Quarries in Hong Kong, except those of ash tuff from the Anderson Road Quarry [5],
are considered as innocuous. In general, aggregates from Mainland China, other than some
exceptional ones, can also be considered as innocuous. For recycled aggregates, the AMBT
is also found to be an effective method for identifying those which are potentially
deleterious, as can be seen from the results of tests on aggregates from Tseung Kwan O (see
Table 2). Subject to other tests like the petrographic examination of recycled aggregates to
confirm the validity of AMBT, AMBT can be considered as one of the screening test methods
for recycled aggregates as well.

Adoption of RILEM in Hong Kong

Based on the research and development work conducted in PWCL, the RILEM AAR-2 has
been found to give the maximum mortar bar expansion for the aggregates tested in the
accelerated mode. As confirmed by the results of the petrographic examination, the AMBT
using the RILEM method and 0.1% expansion as the limit has been found to be able to
identify those aggregates which are deleterious. The SCCT is of the view that the RILEM’s
AMBT method, RILEM AAR-2: 2000, should be adopted as the routine testing method for
assessing the alkaline aggregate reactivity in Hong Kong.

The role of alkaline in cement in accelerated mortar bar test

The alkaline ions in cement are crucial in the development of AAR in concrete since the
alkaline (Na;Ocq,) in cement can react directly with the activated silica of the aggregates in
concrete in the presence of water, to produce AAR. In the case where low alkaline cement,
0.4% (of NayOcqu) by weight is used in the AMBT for preparing the mortar bars, an
appreciable volume of sodium hydroxide solution will have to be added to bring the alkaline
content up to 1.2% by weight of Na;Ocq, in the mortar mix as specified in the AMBT of
RILEM. The alkaline in the form of sodium hydroxide can generate calcium hydroxide
Ca(OH); by the exchange of the sodium and calcium ions in concrete mix. The amount of
Ca(OH), generated will in turn cause the mortar mix to form lumps quickly. The normal
products of cement hydration (tricalcium silicate, dicalcium silicate, tricalcium aluminate
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and tetracalcium aluminoferrite) will be disturbed by the extra amount of calcium hydroxide
formed in concrete. Some of the calcium ions in the mortar mix will be consumed as
calcium hydroxide and the hydrated products of cement will form quickly leading to the
formation of lumps. On the other hand, the addition of sodium chloride powder to the mortar
mix, as in the PWCL’s study, will not lead to the formation of lumps. The sodium chloride
still can provide the required amount of sodium ions in the mortar mix and the formation of
calcium chloride. The addition of sodium chloride can satisfy the need for the alkaline
content in cement but will avoid the fast formation of lumps.

CONCLUSIONS AND RECOMMENDATIONS

Based on the testing and research work conducted in PWCL, the following conclusions and
recommendations can be drawn:

1. Petrographic examination can confirm the presence of AAR in the concrete specimens
examined. However, petrographic examination on its own is not able to provide
information on the extent and rate of deterioration of the concrete resulting from AAR.
This should be carried out in conjunction with long term field monitoring.

2. Aggregates of volcanic tuff from the Anderson Road Quarry in Hong Kong contain
abundant amount of microcrystalline quartz in the rock matrix and strained quartz in the
coarse crystal components. They are therefore widely recognised as potentially reactive
with respect to AAR. Qranitic aggregates originated from Hong Kong do not normally
give rise to serious AAR problems.
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ABSTRACT. This paper describes the concrete investigations carried out for the production
of durable concrete utilizing locally available resources as much as possible for a sensitive
industrial structure in Mozambique. A portion of this structure is directly exposed to the
harsh marine environment conditions of the Indian Ocean. The only aggregate source
available was not only slightly expansive (ASR) but also showed a very high water
absorption in excess of 4%. All these problems were overcome through an innovative
approach to concrete mix design. Phase I of this project which included two pot lines for an
Aluminium smelter, storage silos in Maputo harbour and a new concrete jetty was
successfully completed during 2000. Phase II of the project commenced during July 2001
and involves the construction of another pot line and additional storage facilities in Maputo
harbour.
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INTRODUCTION

The Mozal Aluminium smelter project in Mozambique’s Maputo province turned out to be a
major challenge to concrete technologists.

Phase I of this project, a partnership between Billiton, the Mozambique Government, the
Industrial Development Corporation of SA and Mitsubisi, included 250 000m? of mainly high
grade 40 MPa concrete for a primary aluminium smelter, three storage silos and a new jetty
in Maputo harbour. Site establishment started in September 1998 and construction was
completed in March 2002.

Phase II, involving the supply of 48 000t cementitious material for the construction of
another pot-line and additional storage facilities at the harbour site commenced in July 2001.
Engineering, Procurement and Construction Management for both phases was awarded to
SLE, a joint venture between SN-Lavalin of Canada and Engineering Management Services
of South Africa. All concrete for Phase I and II with the exception of the new jetty was and
is batched on site by a joint venture between Group Five Civils from South Africa and CMC,
an Italian Company which also supplies all the aggregates.

Lafarge Cement — South Africa (LSA) is the main cement supplier, whilst classified fly ash is
supplied through associate company Ash Resources and admixtures by Lafarge Group
Company Chryso. At the feasibility stage (LSA) had carried out extensive studies on the
suitability of Mozambican aggregates. Recommendations by LSA influenced the decision on
the basic concrete mix design by SLE. Eventually, the aggregates from the only viable
quarry owned by CMC were approved[1], despite being slowly expansive and showing a
water absorption at over 4%, four times the usual acceptance level used in South Africa.

An innovative approach to concrete mix design made it possible to use these marginal
aggregates for the design of durable concrete.

AGGREGATE AND CONCRETE INVESTIGATIONS

During 1997 Lafarge Cement — South Africa (LSA) sent it’s Head Office geologist into
Mozambique to investigate possible aggregate sources in the Maputo region.

A confidential Company report identified two possible aggregate sources, about 35 km from
the proposed construction site at the Beluluane Industria Park outside Maputo.

e (CMC Ravenna Quarry: Rhyolite Rock
e Prosul Quarry: Greywacke Rock

Both aggregates are siliceous, a prerequisite to be used as concrete aggregate for an
aluminium smelter (resistivity reasons).

Rhyolite and Greywacke

Rhyolite is by origin an Igneous rock (volcanic equivalent of Granite group), whilst
Greywacke is a Sedimentary rock (part of the Sandstone group). The bulk chemistry of
Rhyolite contains Alumino Silicates (this is rather mineralogical than bulk chemistry), and
Greywacke is classified as an Alumino Silicate bearing Sandstone.
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Both aggregates are known to have a high potential reactivity in terms of ASR [2] and water
absorption in excess of 4.0%. Another common problem is the possible weathering to
expansive clay.

Rhyolite is known to generate very little dust during crushing due to grain size and
mineralogy, whilst Greywacke can generate major amounts (~30%) of dust during crushing.
Based on the information above Greywacke was in principle eliminated as potential
aggregate source.

Further evaluations of Rhyolite and River Sand samples gave the following typical results:

Low dust content of 1.2% during crushing, low flakiness index and a good Aggregate
Crushing Value at Rhyolite aggregate.

High water absorption of 4.1% with both Rhyolite Crusher Sand and Stone.

Potential ASR, predicted from petrographic investigations on thin sections, confirmed by
a linear expansion of 0.12% (= slowly expansive) when tested according SABS method
1245 [3].

Suitability of local River Sand to be blended with the rather harsh Crusher Sand. This
River Sand showed very low organic impurities and a low clay content of 0.35% as
measured by Methylene blue adsorption [4].

Concrete evaluations, conducted at the accredited Civil Engineering Testing facility of
LSA

Numerous trial batches were undertaken and some of the final mixes are shown below:

Table 1 40 MPa trial mix with Rhyolite (75/25 OPC/FA)

MIX PROPORTIONS (dry in kg/m?) COMPRESSIVE STRENGTH (MPa)

w/binder * 0.43 24 hour 7.0
CEMI142.5N 330 2d 14.0
Fly Ash 110 3d 19.0
Blended Sand 550 7d 27.0
7/10 Stone 230 14d 34.5
10/19 Stone 115 28d 45.0
14/22 Stone 805 56d 51.5
Adm. (m 0) 656 7/28 ratio 0.60
Water ( £) 190

Absorption Water ( £) 56

Slump (mm) 80

*  Water-excluding Absorption Water, Binder = Cement + Fly Ash
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Table 2 Precast trial mix with Rhyolite (80/20 OPC/FA)

MIX PROPORTIONS (dry inkg/m®) ~ COMPRESSIVE STRENGTH (MPa)

w/binder * 0.41 24 hour 9.0
CEMI42.5N 350 2d 19.0
Fly Ash 85 3d 26.0
Blended Sand 580 7d 37.0
7/10 Stone 225 14d 45.0
10/19 Stone 115 28d 52.0
14/22 Stone 790 56d 62.5
Adm. (m ) 700 7/28 ratio 0.71
Water ( 0) 180

Absorption Water ( £) 56

Slump (mm) 40

Table 3 40 MPa trial mix with Greywacke (75/25 OPC/FA)

MIX PROPORTIONS (dry inkg/m®) ~ COMPRESSIVE STRENGTH (MPa)

w/binder * 0.42 24 hour 45
CEM142.5N 340+23 24 10.0
Fly Ash 110+8 3d 12.5
Crusher Sand 525 7d 17.0
19 mm Stone 1150 14d 21.0
Adm. (m £) 660 28d 25.5
Water ( £) 190+13 564 325
Absorption Water ( £) 73 7/28 ratio 0.67
Slump (mm) zero

These trial mixes confirmed the non-suitability of the Greywacke aggregate. The high dust
content of 25.9% together with a very flaky aggregate rendered a sticky, unworkable mix
with high water demand and low strength.

The Rhyolite aggregate on the other hand performed well despite a high water absorption,
provided absorption water was added to the mix (in excess to 50 £/m®). On site, pre-wetting
of aggregates has obviously to be undertaken.

The Rhyolite mixes also confirmed the positive effect of a high quality Fly Ash in terms of
water reduction, good compactibiltiy and excellent early as well as late compressive strength.
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Original concrete specification based on the Hillside smelter (Alusaf) project in South
Africa (main points):

. Siliceous aggregate with a maximum water absorption of 0.25% (!)
. Electrical resistivity of concrete > 1000 Ohm meter
. Cementitious material: OPC/CSF (Condensed Silica Fume)

. Max water / binder ratio 0.50

Proposed changes by LSA for the Mozal specification

Maximum water absorption of 4.5%

The decision to propose the use of absorptive aggregates was based on experience gained
at the Construction of the Corumana dam in Mozambique, where 250 000m* concrete
were placed using Rhyolite as aggregate [5]. Further experience had been gained during
the construction of Katse dam in Lesotho [6], where Basalt aggregates with >2% water
absorption was used successfully. Pre-wetting of aggregates as used on both projects was
strongly recommended.

Cementitious make-up for the project: CEM I42.5N and Fly Ash.

The use of quality Fly Ash was proposed for the following reasons:

1. To prevent ASR — a minimum of 20% FA is specified by the South African Code of
Practice, SABS 0100-2 [7].

2. To reduce concrete water demand, which will enhance durability and resistivity.

3. To achieve long term durability through dense, impermeable concrete required in the
harsh coastal environment of the Indian Ocean, in particular to prevent chloride
induced corrosion.

Additional benefits of Fly Ash are: increased concrete resistivity [8] and greater abrasion
resistance [9] as required for the material silos.

The following materials were finally proposed to the SLE Consultants:

CEM 1 42.5N (Lichtenburg): a cement with a low Sodium Equivalent of ~0.30,
complying with all the requirements of SABS EN 197-1 [10].

Fly Ash: an air classified Fly Ash complying with SABS 1491, Part II [11].
Concrete admixtures: products from Chryso.

Aggregates: “Pink” Rhyolite coarse aggregate and a blend of Rhyolite Crusher Sand with
River Sand.

An independent evaluation (undertaken for SLE) by the Cement & Concrete Institute of
South Africa confirmed the correctness of the proposals by LSA. Subsequently the
following amended specification was drawn up by SLE (main points):
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e Rhyolite aggregate approved as Concrete aggregate.

e Maximum water absorption of 4.5%

e Cementitious material: CEM I 42.5N and Fly Ash

e Maximum water / binder ratio of 0.445 (for added durability)

CONCRETE CONSTRUCTION
Mozal Phase I

The Group Five / CMC joint venture set up three 50 m*h power drive batch plants on site,
supplying a fleet of 34 truck mixers (6 m*). All concrete mixes except for the concrete jetty
were designed by the Group Five Concrete Technologist, using as a rule a combination of
70% CEM I 42.5N (OPC) from Lafarge and 30% Fly Ash from Ash Resources.

Only for the sliding operation of the two coke silos, where a 3 m lift was achieved per
12-hour shift was the Fly Ash reduced to 25%. During the intensive pouring period of the
contract for Phase I (mainly pile concrete) 1 200 m*/day where achieved on average, with a
highest pour rate of 1 800 m*/day, consuming more than 450 tons of cement a day.

To keep up with this high production rate, 15 to 17 road tankers of cement a day had to be
cleared through the Mozambican border. Cement had to be railed for about 600 km from the
Lichtenburg factory West of Johannesburg to the Nelspruit depot, unloaded, stored and re-
loaded into road tankers for another 250 km journey. This logistical operation required
extensive preplanning. Fly Ash was delivered directly from Matla Power Station with road
tankers, a round trip of 1 100 km.

Concrete Silos — Matola harbour site

The 45 000 tons capacity raw materials silo for alumina powder in Maputo harbour, one of
the largest silos in Africa, required 3 000 m* concrete for the base and 2 000 m? for the slide
walls.

The continuous supply of cement and Fly Ash was critical for this structure, as well as for the
continuous thirteen days and nights of sliding the two coke silos with 30 000 tons capacity
each.

Concrete Jetty — Matola harbour site
Design and construction of the new jetty was awarded to Basil Read (Pty) Ltd of South
Africa. The total jetty structure took a total of 14 800 m® concrete, using a 70/30 OPC/FA

mix and the same aggregate as the Group Five / CMC joint venture [12].

All concrete was batched directly on site, 3 400 m for piling, 4 600 m* for pre-cast work and
the balance for in-situ pours for the deck and the “cope” (service tunnel).
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High durability (marine exposure) was required for this structure which received the first
shipment of alumina raw material from Western Australia during April 2000.
Mozal Phase I1

Further work for a third pot-line and additional storage facilities in Maputo harbour has
commenced during July 2001.

All concrete is again batched by the Group Five / CMC joint venture, using the same input
materials which had proven themselves during Phase I.
CONCLUSIONS

Phase I of this prestigious project was successfully completed ahead of time, with no concrete
related failures.

Durability was not neglected despite the use of potentially marginal aggregates. This was
achieved through the correct choice of cementitious material, an innovative mix design taking

a rather high amount of absorption water into account and good concrete practice.

Phase II of this project is well underway.
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BIOGENIC SULPHURIC ACID CORROSION:
A MICROSCOPIC INVESTIGATION
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ABSTRACT. Biogenic sulphuric acid corrosion is one of the most severe corrosion
mechanisms in sewer pipes. Simulation of the tests in laboratory conditions is a demanding
task due to the presence of bacteria. In this paper, the influence on the microstructure is
investigated of two chemical immersion tests and a biochemical test. To ameliorate the
resistance of concrete sewer pipes against biogenic sulphuric acid corrosion, polymer
emulsion is added to the fresh mixture with a polymer-cement ratio of 7.5%. Analysing the
eroded surface of mortar and concrete samples revealed a similar deterioration process for the
different test methods. Gypsum crystals were formed preferably at places with larger
porosity. However, due to the presence of bacteria, a different type of gypsum crystals was
formed. A more twisted type of crystal with unsharp edges appears on the biochemical
attacked specimens. The presence of polymer film results in a better retention of the attacked
layer on the surface and a reduced size of the corrosion products.
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INTRODUCTION

Biogenic sulphuric acid attack (BSA) is one of the most severe corrosion processes occurring
in sewer pipes. It is a well known type of erosion in countries with warmer climates, but also
in regions with a milder climate, this type of damage could increase due to a different policy
towards wastewater transportation and treatment. The tendency towards more separate sewer
systems may result in an increase in temperature, an increase in BOD-content and therefore
an increased risk on damage due to BSA.

Laboratory simulation of BSA is a demanding task. Different studies have shown a
discrepancy between pure chemical tests where specimens are submerged in a H,SO4 -
solution and biochemical tests, which incorporate the cultivation of the bacteria. An overview
of the test methods is presented by Monteny et al. [1].

The influence of chemical as well as biochemical simulation tests on the microstructure of
mortar and concrete is investigated. Different types of polymer emulsions were added to the
fresh mixture in order to increase the resistance against BSA. The main point of interest of
this paper is the influence of the test method and of the material composition on the
microstructure of mortar and concrete subjected to sulphuric acid attack. Therefore,
emphasis is put on the SEM study of corroded and non corroded specimens. Only a brief
description of the test methods is given to point at the differences between the tests used.
Part of the results were presented in literature [2,3,4].

BIOGENIC SULPHURIC ACID CORROSION

Considering the durability of sewer pipes, biogenic sulphuric acid corrosion is mentioned in
literature as one of the most important corrosion mechanisms [5]. The process of biogenic
sulphuric acid attack is studied since 1945. It was Parker who first associated the presence of
bacteria with the formation of sulphuric acid and the concrete attack [6]. Bacterial activity in
sewers helps to develop a portion of the sulfur cycle, leading to the formation of sulphuric
acid. The sulphur cycle can be divided into four consequent phases. The first phase is the
reduction of sulphate compounds in the wastewater at anaerobic conditions by sulphate-
reducing bacteria, e.g., Desulfovibrio. The second phase is the transition of the hydrogen
sulphide in the wastewater to the sewer atmosphere. The third phase is the re-oxidation of
the hydrogen sulphide to sulphuric acid HySO4 on the exposed surface of the sewer pipe by
acrobic sulfur oxidizing bacteria Thiobacillus Thiooxidans, also called Thiobacillus
Concretivorus. The final phase is the erosion of the material of the sewer pipe. A more
detailed description of the BSA mechanism is presented in literature [7,8].

This attack takes place at very low pH values. The bacteria can survive at pH values as low
as 0.2 [7]. The type of bacteria present on the surface depends on the pH of the condense
layer. The lower the pH of the condense water, the more aggressive the bacteria are. If
cement bounded material is used for the sewer pipe, the main type of attack is the reaction of
Ca(OH), present in the cement stone with the sulphate to form gypsum (calcium sulphate).
The cement bounded material converts to a pasty white mass consisting of the calcium
sulphate and the residual sand and gravel used in making the pipe. The influence of type of
cement and polymer modification on the resistance towards biogenic sulphuric acid is
investigated by different authors [9].
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TEST METHODS

Three different test methods were used: a chemical immersion test, an accelerated chemical
test and a biochemical test.

Immersion Test

The immersion test was carried out on concrete as well as on mortar with similar p/c-ratio.
The test consisted of 10 immersion cycles. Each cycle contained an immersion period over 6
days in a 0.5% H,SO4 solution, followed by a 1-day immersion in water. After the day of
water immersion, the samples were rinsed with tap water and brushed with a soft nylon
brush. The weight was measured before and after brushing. After each cycle, the H,SO4
solution was renewed. Reference samples were stored in water during the whole test. No
drying period was included in the cycle.

TAD-accelerated Corrosion Test

A standardized and automated chemical exposure to sulphuric acid was performed using a
Testing apparatus for Accelerated Degradation tests (TAD) as described by De Belie et al.
[10]. Three concrete cylinders, @ 270 x 70 mm in height, of the different concrete mixtures
were mounted on rotating axles, fixed on a frame. During the cycles, the cylinders turned
through containers with a solution of 0.5% sulphuric acid at a speed of 1.04 revolutions per
hour, in such a way that the outer 50 mm was submersed. In this way, submersion and drying
were altered. The solution had a pH of around 1.0. One exposure cycle lasted 6 days. The
solution was renewed after every cycle. After each exposure cycle, the concrete cylinders
were brushed with rotary brushes to remove the weakly adhering concrete particles.

Concrete degradation was measured with automated laser sensors. For each concrete
cylinder, six profiles, equally distributed along the cylinder width, were scanned after each
exposure cycle. The change of the concrete surface (either swelling or shrinkage of the
specimen) of each cylinder was calculated by comparing the profiles after exposure with the
initial profiles at the same place. According to the British Standard BS 1134, the Ra-value, a
measure of the surface roughness, was calculated for each cylinder. Similar concrete
mixtures were used for the TAD test as for the immersion test.

Microbiological Test Method

The microbiological test was carried out on small concrete prisms, glued on glass plates. The
prisms were treated with a sulfur suspension. This suspension contained all necessary
elements (mixture of Thiobacilli bacteria, elemental sulfur particles and nutrients) to produce
sulfuric acid in a microbiological way. The test method consisted is given more detailed in
[4]. One cycle consisted of four subsequent steps as is indicated in table 1.

During step 1 the test specimens were placed in a H,S atmosphere for 2 days. The initial gas
concentration of the atmosphere was around 250 ppm H,S and decreased, due to the
absorption of the H,S-gas by the concrete. Next, the test specimens were subjected during 10
days to the sulfur suspension. They were completely immersed in 600 ml of the suspension
and constantly stirred. Therefore the recipients were placed on a shaker. During this step (step
2) the bacteria, present in the suspension, converted elemental sulfur to sulfuric acid which
caused deterioration of the concrete. In step 3 the test specimens were stirred during one day
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in separate glass recipients containing milli-Q water, to remove corrosion products and
possible adhering bacteria. During step 4 the test specimens were dried during 4 days and
afterwards slightly brushed to remove weakly adhering concrete particles. 3 to 4 cycles were
applied to the specimens, every cycle lasted 17 days. During step 2, the pH and the sulfate
concentration of the sulfur suspension were measured. At the end of the experiment, the loss
of mass of the different prisms was determined as well as the change in height of the
specimen

Table 1 Cyclic procedure of the biological test, total duration of 1 cycle: 17 days

CYCLIC PROCEDURE BIOLOGICAL TEST

- 2-day incubation in H,S atmosphere
- 10-day exposition to bio-S (bacterial culture)
- 1-day rinsing with water
- 4-day drying at laboratory conditions

Mixture Composition

Two types of specimens were prepared: mortar specimens and concrete specimens. Three
different cement types were investigated: a normal Portland cement, CEM 1/42.5/LA/R; a
blast furnace slag cement, CEM III/A/42.5/LLA, and a sulphate resistant cement, CEM
1/42.5/HSR/LA. Different types of polymer emulsions were tested, two are discussed in this
paper: SAE and SBR1. The minimum film forming temperature of SAE is equal to 32°C and
of SBR1 to 5°C. Both types of polymer emulsions were chosen to see the influence of the
MFT on the properties of the material, with the MFT of SAE slightly higher than the curing
temperature and the MFT of SBR1 lower than the curing temperature. The influence of the
MFT on the properties of polymer modified material is discussed in[9]. A polymer cement
ratio equal to 7.5% (weight of solids of emulsion/weight of cement) was used for the mortar
samples as well as for the concrete samples. The water-cement ratio varied between 0.5 and
0.35. The mortar mixture composition was varied to obtain an equal flow for the different
mixtures. Detailed results can be found in previous publications [2,3.4].

MICROSTRUCTURE OF CORRODED MATERIAL

The microstructure of the samples submitted to chemical and biochemical corrosion tests was
studied by means of SEM technique. A SEM type JSM-6400 Jeol was used. The samples
were coated with a thin gold layer under vacuum. Eroded surfaces as well as broken and
sawn surfaces were looked at.

Mechanism of Corrosion

Three types of corrosion tests were used: chemical immersion test, TAD-test and biochemical
test with Bio-S. The corrosion mechanism varied especially between the chemical and
biochemical test. However, some general points could be detected, such as a large porosity
and crystal growth at the transition zone between the aggregates, release of smaller
aggregates, large crystal growth in the pores and erosion of the binder matrix.
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Unmodified samples

The study of the surface subjected to chemical or biochemical produced H,SO4 pointed out
that the reaction between Ca(OH),, C-S-H hydrates and the sulphuric acid , the gypsum
formation and the erosion were the most severe at places with larger porosity, it is in the
pores or at the transition zones between the aggregate and the binder matrix. This resulted in
typical views of the microstructure, namely pores filled with larger crystals, uncovered
aggregates, enlarged porosity at the interface between the aggregate and the binder matrix,
and spots where the aggregate was released from the surface.

}—{ ‘.'llll|u‘||

Figure 1 Mortar, subjected to immersion test, S0x
1: spots where aggregates are released
2: pores filled with crystals

3: larger porosity at the transition zone aggregate-mortar
4: uncovered aggregates

The size of the gypsum crystals present in the transition zone lets presume that primarily the
aggregates are released from the surface due to the reduced adherence between the aggregates
and the binder matrix as a consequence of the reaction between the cement hydrates and the
sulfates. Only secondarily the crystals may grow and develop extra pressure on the aggregate.
Once the aggregate is gone, the crystals may grow freely. The larger porosity at the interface
between the aggregate and the binder matrix also facilitates the migration of the sulfates
towards the transition zone to react with the free Ca(OH), and the C-S-H hydrates.

The occurrence of crystals in the pores of the matrix also points at the reaction between the
sulfates and the cement product but does not cause immediate damage since enough space is
available for the crystals to develop. As is pointed out by Ambroise [11], the main attack due
to sulfuric acid is an intensive dissolution of the cement hydrates rather than a spalling due to
volume expansion of the crystal formation.

Figure 1 gives an overview of the attacked surface of a mortar specimen, CEM III/A/42.5/LA
subjected to the chemical immersion test. The different phenomena are indicated on the
figure. No distinction could be made on the base of the corrosion products between the
different cement types. However, the impression arose that in the case of ordinary Portland
cement, a smaller amount of gypsum crystals were present throughout the sample. This could
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point at ettringite formation. Ettringite is less stable at lower pH so dissolving more easily
during the immersion period. The weight loss after 10 cycles of immersion was the highest
for the specimen with Portland cement. The depth of the damaged layer on the surface
however was the smallest. This is due to the fact that the Portland cement matrix is less
capable of retaining the aggregates onto the surface. For the modified samples, the depth of
the damaged layer was even higher. The aggregates and the gypsum crystals were held by
the polymer film on the surface. If mechanical interaction is omitted, the damaged layer in
that case may become very wide.
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Figure 2 Concrete, subjected to
immersion test, CEM III/B/42.5, 50 x Figure 3 Enlargement of figure 2, 1000 x

Figures 2 to 6 give an overview of the corroded surfaces of unmodified concrete submitted to
the chemical immersion test and the biological test. In figure 2, the inner surface of the
sample is looked at. The damaged layer is visible at the right sight of the figure. A transition
zone is visible between the unattacked and the attacked surface marked by the arrows. The
broken parts visible at the left side of the picture are caused by the sawing of the specimen.
Again uncovered aggregates are visible as well as large gypsum crystals at the transition zone
between the aggregate and the cement matrix as is shown in figure 3. Figures 4 and 5 give an
overview of binder matrix, made with CEM II1/32.5/R and submitted to the biochemical test.
Large crystals are present in the pores and at the transition zones aggregate-matrix. The
crystals however have a much more irregular form as if the sides are weaker and more easily
broken down, as can be seen in figure 6.

e
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Figure 4 Concrete, Figure 5 Different zone on  Figure 6 Enlargement of
submitted to biological test, surface of shown in Figure 5, 200 x

CEM I11/32.5/R, 50 x Figure 4, 50 x
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Figure 7 Concrete, Figure 8 Mortar, submitted Figure 9 Mortar,
submitted to immersion test, to immersion test, CEM submitted to immersion test,
CEM I/42.5/R, 1000 x 11I/A/42.5, 1000 x CEM I1I/A/42.5, 500 x

Comparing figures 7 to 9 with figure 6, the difference in shape is clearly visible between the
gypsum crystals formed during chemical immersion and the gypsum crystals formed in the
presence of biological produced sulphuric acid. In the former case, the crystals have well
specified and straight edges. In the latter case, the crystals are more twisted as if they have
followed the movement of the bacteria. The edges of the crystals are more serrated. The idea
arises that the bacteria are partly encapsulated by the crystals and influence the morphology
of the crystals, similar to CaCO; “Bacteries Baptiseuses”. However, due to the use of the
high-vacuum in the SEM and the preliminary drying and coating of the sample, it is not
possible to reveal the bacteria in this case. ESEM could give better results.

Modified samples

The general appearance of the eroded surfaces is similar for the modified specimens as for
the unmodified specimens. Again an increased porosity at the transition zone aggregate-
cement polymer co-matrix, released aggregates due to decohesion and internal pressure and
large crystals in the pores were noticed. Figure 10 shows the transition between the damaged
zone and the intact concrete, indicated by arrows. The surface is sawn perpendicular to the
specimen surface. As can be seen, the surface transforms from a flat, even and dense,
undamaged surface at the top left to a rough surface in which aggregates are clearly visible
(4) or pushed off (1). An enlarged porosity at the transition zone aggregate- co-matrix (3) and
large crystals in the pores (2) are visible.

The difference between the eroded microstructure of modified and unmodified samples lays
in the size of the crystals formed. In the case of modified samples, the gypsum crystals
formed in the bulk co-matrix are much smaller as if their growth is obstructed by the
presence of the polymer. Of course, in the case enough space is available as in air pores, the
crystals grow in a similar way as for the unmodified specimens. [Figure 1.(2)].

Figures 11 and 12 are an enlargement of the transition zone between the aggregate and the
binder matrix indicated by the rectangle in Figure 10. Comparing the size of the gypsum
crystals with those on Figure 8; a much reduced size is noticed for the polymer modified
material. This is observed for the crystals formed at the transition zone as well as in the bulk
matrix.
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On places where a continuous polymer film is present, crystal growth is strongly limited, as
can be seen in figure 13. If no restriction is present, the gypsum crystals can grow as was
noticed for the unmodified samples.

Original concrete / Damaged zone

F— 200 um

Figure 10 Concrete, modified with SBR1, subjected to TAD
(numbers identical to Figure 1)

Figure 11 Concrete, modified with ~ Figure 12 Concrete, modified with
SBR1, subjected to TAD, 500 x SBR1, subjected to TAD, 3000 x

The presence of a continuous polymer film is not always visible, as can be seen in Figure 12.
This could point at the fact that modification the polymer-cement ratio of 7.5% was too low
to assure a continuous film throughout the sample. Although the effect of the polymer
modification is visible in the results by a retarded erosion and in the microstructure, an
increase in polymer-cement ratio could lead to an improved resistance against sulphuric acid.

Figure 14 shows the eroded surface of concrete specimens modified with 7.5% SAE
subjected to the biochemical test. In this case, the polymer film is present. This is
remarkable since the MFT of the polymer emulsion is higher than the curing temperature.
The surface is comparable to the surface obtained after etching the sample with HCIL. The
Ca(OH); and C-S-H hydrates have reacted with the sulfates to form gypsum. The polymer
film does not react, and remain as small bridges between the aggregates and the crystals.
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In the presence of the polymer, crystal growth is limited. If no restriction is present, the
gypsum crystals can grow as was noticed with the unmodified samples. A clear example of
this is shown in figure 13, taken in a pore of the specimen modified with7.5 % SAE and
submitted to an immersion test. On places where no polymer film is present, the crystals
grow freely in the pore. At the right-hand side of the pore, a more continuous film is present.
In this case, only small crystals are visible through the gaps in the film.

Figure 13 Concrete, modified with 7.5% SAE, submitted  Figure 14 Concrete, subjected

to immersion test, 50 x and 150 x enlargement. to bio-S, modified with
Polymer film in combination with gypsum crystals SAE, 100 x
CONCLUSIONS

The influence of different test methods on the microstructure of modified and unmodified
mortar and concrete is investigated. Two chemical and one biochemical tests were used. In
general, identical corrosion products were formed. Large gypsum crystals in the pores and at
the transition zone between aggregate and binder matrix, released aggregates due to a
weakened adhesion between the aggregates and the binder matrix and erosion of the binder
matrix itself resulting in an uncovering of the aggregates.

A difference between the chemical test methods and the biochemical method occurred in the
shape of the gypsum crystals. When the specimens are submitted to a chemical test, the
crystals have a hexagonal form with well defined edges. In the case of the biochemical test,
when bacteria are present, the gypsum crystals are more twisted as if they intermingle with
the bacteria. The edges of the crystals are more serrated.

Polymer modification influences the microstructure by the size of the crystals formed. Due
to the presence of the film, the growth of the crystals is restricted. The polymer film itself is
not attacked by the sulphuric acid and assures to a certain extend the connection between the
different aggregates. However, if mechanical action is applied, the depth of the damaged
layer which is present on the surface largely decreases.
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VARIATION OF CONCRETE BASE’S CLEANING GRADE AND
ESTIMATION OF PROTECTIVE COATINGS
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ABSTRACT. The investors try to execute durable concrete and avoid an expensive
protective coating in new build waste-water-treatment plants. The similar establishment at
the currently building waste-water-treatment plants in Stuttgart, Gubin and Poznan is applied.
This approach is based on principle of the material and structural protection of construction in
a new build waste-water-treatment plants erected by execute suitable durable concrete and
formed in system formwork which are equipped in special active mat. The most important
role of active mat (for example Zemdrain or described in this paper Agepan RS) is to noble
the on surface layer of concrete by local reduce w/c ratio. The concrete surface formed in
special active mat characterised by following properties: higher homogenous, smaller
absorption, flexibility for carbonisation and chloric ion diffusion, higher freeze resistance and
strength. [1] This paper presents the effects of research of the adherence of firm’s mat
combinations (for example Polyment, Sika, and Schomburg) on concrete bases, formed in
system formwork. The authors analysed a few cases of adhesion one- and multilayer coating
covered on an ordinary concrete bases formed in an active curing mat. Dissolving using the
flow - abrasive method, cleaned the surfaces. At the end of etching process the layer of the
thickness of Imm was grinded. The results of tests were the base to execute a project for
concrete protection in bioreactor wall in waste-water-treatment plants built in Poznan.

Keywords: Corrosion, Durability, Adhesion, Protective coating, Concrete surfaces.
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INTRODUCTION

The biological reactors responsible for removing of nitrogen and phosphorus from sewage’s
have been designed and realised in Europe for some time and in Poland for a shorter period
of time. Many institutions are currently doing the research over biological cleaning of
sewage’s and the concrete protection methods. The problems of biological cleaning of
sewage have been described in the paper [2]. The problems of concrete protection in
bioreactors was researched and studied by many authors, for example [3] and [4].

THE PROGRAM OF LABORATORY RESEARCH
Three versions of surface preparations were adopted:

1. Smooth surface — concreting of walls in PERI formwork.

2. Relief surface - PERI system formwork covered with protective mat — Agepan, affecting
concrete for different period of time.

3. Surface formed by Agepan, wet cleaned by means of flow - abrasive method.

Wooden panel Agepan RS is a lining put on the formwork system before concreting of the
construction. The panel is made of 5-leyer of wood. It is impregnated by preparat which
presents adhesion to concrete and is the hot water and alkali effects resistant (concrete
pH=12,5). The part of the panel is shown in Figure 1.

Figure 1 The Agepan RS panel

Due to use of Agepan panels a mat, slightly relief surface of concrete is obtained with coarse
structure, irregular arrangement of greyness. Thanks to absorbing structure the concrete
surface is mostly free from porous. To cause of that Agepan it is numbered as an active mat.
The properties of concrete made in Agepan presents the paper [1]. According to this
publication [1] an active mat is also called CPF (Controlled Permeability Formwork).
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"The wall formed in Agepan RS it is shown in Figure 2. The basis technical information about
panel is shown in Table 1.

Figure 2 The fragment of concrete wall formed in mat (coat) Agepan

Table 1 The technical parameters of Agepan panels

SPECIFICATION OF THE PROPERTIES TECHNICAL PARAMETER
Structure of panel Wood material, high quality, 5-layer
Betterment surface Impregnation by antyadhesion preparat
Glue Hot water and alkali effects resistant (DIN 68791)
Dampness 9-12%
Thickness of panel 11-21 mm
Mass of panel 13,9 kg/m’
Flexural strength 20 N/mm?
Young’s model 3000 N/mm?

On that prepared surface one- or multilayer following characterisations materials put on:

LM6 — two-component epoxide resins without dissolving for varnishing mineral basis. That
material is a protective coating for settlink tank wall in water — waste — treatment plants.
LMB6 is delivered as two-component; component A — resins, component B — hardener.

P1400 — colourless, without dissolving, without filler, two-component epoxide resins, and
slightly viscosity, with big penetration ability and high glue ability, which causes the mineral,
base strengthened. It is using as grounding liquid under epoxide resins coat.

FS — a dry repair surfacer PCC, one-component modified by resins of cement to levelling,
evening and lute the concrete surface. That product should be diluted only by water. The
mortar should be cleaned good bounded and not freeze. It’s necessary to several damped the
base before put on a coat.

The described materials were put on variantitly prepared concrete base as one- two- or three-
layer coat.
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THE COAT ADHERENCE TO CONCRETE BASE SETTLED IN THE
LABORATORY RESEARCH

The control sample 0,15m*0,15m*0,15m was done from the same concrete as used in
bioreactor (concrete grade B30, waterproof W8, absorption 4,5%, freeze resistance F150).
The adherence coating to concrete base was measured. The part of samples formed in an
ordinary steel form, the rest formed in form with Agepan. The samples at first were hold in a
steel form. After extraction from a steel form was successive outformed from Agepan after
3, 6, 9 and 28 days. Through 28 days of hardening samples were water curing, then Agepan
was adhered to concrete surface the water influence directly on Agepan and indirectly on the
concrete. After tear off Agepan mat the whole samples was dipped in water.

It was prepare two types of samples (in steel form and steel form with Agepan). The part of
them was appropriate to immediately put on a coat and the rest was additionally cleaned by
flow — abrasive method. After cleaning a protective coating covered the concrete. In that
way obtained the four groups of surface i.e.: steel form and with Agepan and as above but
cleaned by the flow — abrasive method. The prepared surface covered by protective coating
comply the following rules:

- The top of sample (series 1) and lateral surface (flank) (series 2) — without coating.

- An ordinary surface and formed on an active mat with coat P1400 (series 3) and with
coats P1400+LM6 (series 4).

- Surface as above but cleaned by the flow — abrasive method with coat P1400 (series 6),
with surfacer FS and with coat P1400 (series 7), with surfacer FS and with coats
P1400+LM6 (series 8).

The mechanical properties of the base and value of adhesive forces the coat to these base was
measured by tester “pull-off” DYNA 15 — by Proceq, according to standard procedure.
Figure 3 presents the value of tear off forces the on surface concrete layer and one- and two-
layer protective coat. Figure 4 presents results of experiments of the adhesive forces to the
cleaned base by flow — abrasive method.

According to product regulation a surface cleaned flow should be additional levelled by
surfacer (lute) FS. The obtained results are presented in conclusions in the end of this paper.

FIELD TESTING MECHANICAL PROPERTIES OF THE
SURFACE CONCRETE LAYER

The Massive Walls of Biological Reactor

Using the Agepan RS panel as active mat fixed to PERI system formwork in biological
reactor and secondary settlink tank was formed in water — waste — treatment plant. The
experiments of mechanical properties and on surface were realised under supervision of the
authors of this paper. There is only a main type of research from many marked mechanical
properties formed concrete walls (partitions). At first it was marked a value of an axial tear
off on surface concrete layer. Applying the “pull-off” DYNA1S5 value of tear off forces was
measured for the case the concrete surfacer was formed in a system formwork and with
Agepan RS. The control pulley (roller) was glued to both surfacer is shown in Figure 5.
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Figure 3 The value of tear off forces [N/mm?2] for series: 1 — the top of sample,
2 - lateral surface (flank) of sample, 3 — coat with P1400, 4 — coat with P1400+LM6
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Figure 4 The value of tear off forces [N/mm?2] for series: 5 — sand-blast cleaning
coat + P1400, 6 - sand-blast cleaning coat + FS + P1400, 7 - sand-blast cleaning
coat + P1400 + LM6, 8 - sand-blast cleaning coat + FS + P1400 + LM6
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A view on tear off part of concrete for two types (an ordinary and with Agepan) is shown in
Figure 6.

Figure 5 The view of pulley control (roller) glued to the two types of the concrete surface,
by the left an ordinary formwork, by the right with Agepan

——— 2 e = 3 srge— e

Figure 6 The effect of tear out the pulley control (roller) from ordinary concrete (by the left)
and concrete formed in Agepan (by the right)
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'T'he mean value of tear off forces was appropriate a suitable 5,4 N/mm? and 6,5 N/mm? (at
the quarantine the good adherence coat f> 1,5 N/mm?). It should be marked that walls were
executed by following parameters: concrete grade B30, waterproof W8-W10 and freeze
resistance F>150. The protective coating was put on only on strand oscillating of the
sewage’s level. Due to necessary of the reduce the cost of protection a biological reactor it
was accepted that only a facture wall formed by Agepan was enough coarse and it is not
required an additional cleaning the wall by flow — abrasive method. To proof that procedure
was executed a pull off sample (i.e. pull off coat) from wall surface in the following:

1 — wall without any cleaning.

2 — wall clean by dissolving.

3 — grinding the wall on the surface.
Those prepared walls were covered by two-layer coat with resin K24 with parameters like
described about LM6. The acceptance 3 types of prepare base with covered coating, which

was treat as:

A — coat without machining
B — coat grinding used an abrasive paper “100” before glue a control pulley (roller).

The results of tear off forces are shown in Table 2.

Table 2 The tear off forces (N/mm?) registered at pull off coat the K24

NOT CLEANING CONCRETE CLEANED GRINDING CONCRETE
CONCRETE BY DISSOLVING
A B A B A B
5,5 6,5 6,0 6,9 6,5 73

From results shown in Table 2 appear that accepted type of prepare surface of wall formed in
coat Agepan RS has not an influence on value of adhesion forces coat to base. In all analysed
cases obtained adhesion > 1,5 N/mm?, consider as minimum good adhesion parameter.

The Thin Walled Element of Secondary Settlink Tank

The research of mechanical properties of on surface concrete layer in bioreactor and the
adhesion to protective coating type K24 previously presented, proved that it is not necessary
(besides of dust removal water under pressure) an additional prepare surface like sand — blast
-cleaning, grinding or lute etc. The good results of Agepan effects influence on formation the
concrete layer surface could be achieve on the other constructions formed in Agepan too, for
example the thin walled element of secondary settlink tank. The research made with pull-off
tester on drain walls about thickness 0,10m didn’t confirm that theory. The macroscopic
research of drain proves that the concrete surface has not a homogenous relief facture, it is
results of fibre scheme of Agepan. The reason of different in use Agepan was the relatively
small thickness of drain walls (0,10m) which was bilaterally strengthened by reinforcing
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fabrics. The concreting in those conditions made difficult at consolidation work and in press
to the fibre scheme of Agepan. The consequence of these was the put tear off strength too
low and obtained the information as:

- When mechanical properties of concrete was lower the adherence specified by “pull-off”
tester was 2,5-4,0 N/mm? and £>1,5N/mm?>.

- When the load of drain was partially aggressive then should be used a typical multilayer
protective coat.

Table 3 The mechanical properties of concrete in drain (sewer)
(the results for 6 measurement places)

THE COMPRESSIVE THE TEAR OFF STRENGTH COMMENT
STRENGTH  MPa N/mm?
27,3 3,70
24.0 2,50 the surface tear off
27,7 2,80 partly pull off concrete
28,0 3,40
201 410 the surface tear off
25,1 2,80 partly pull off weak concrete
26,9 3,38 -
CONCLUSIONS

The experimental laboratory testes gave many dates about qualitative and numerical character
at realised bioreactor walls. It is possible to contain the conclusions in 3 groups:

- Tear off strength the concrete surface layer realised in on ordinary formwork and with
Agepan is diverse (series 2). The different in the strength after 3 days of curing in
Agepan and then in water with relation to curing only in water is cross 40%. The curing
in Agepan in the long time gave worse effects. The reasons of that are not explaining
now, but may be helpful for the contractor of concrete work.

- The analyse 3 and 4 series of experiments confirm the conclusion that longer than 6 days
curing in an active mat it is not profitable to get higher adhesion forces than for an
ordinary concrete

- Cleaning surface formed in an ordinary way and in Agepan, by flow — abrasive method
could be commented variantitly. Cleaning surface by flow — abrasive method and cover
only resins coat (with good penetration parameters) causes to very good adherence the
coat to base (series 5 and 7) regardless of character and curing range. Using a mineral
lute (surfacer) obtained a differentiation value of adherence (series 6 and 8) similar
obtained in series 2.

The realised in technical approach an effectively used Agepan RS are satisfactory. Thanks of
Agepan can increase the axial tensile strength of on surface concrete layer. The research of
adherence protective coating (type LM6 or K24) has given a clear higher adherence. The
concrete formed in Agepan have better adherence than the concrete surface formed in
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traditional formwork (above 10% to 47%). To avoid the expensive cleaning by flow —
abrasive method it is necessary to form the concrete in an active mat used formwork in a
suitable period of time. In order to use construction about higher corrosion load it should be
used an active mat to forming concrete construction.
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ABSTRACT. In addition to the primary requirements of structural strength and function, the
critical issues when designing concrete structures for the marine and underwater environment
are buildability and durability. Buildability is essential for safety and economy during
construction and can have a major influence on the long-term performance of the structure.
Durability is influenced by design and by construction methods in addition to the
environmental conditions. Understanding concrete technology, the process of construction in
the marine and underwater environments and the mechanisms for the degradation of concrete
in these hostile environments is necessary if durable structures are to be built. These aspects
are discussed, a methodology is outlined and examples are given with reference to the latest
British Standards for concrete specification, performance, production and conformity.
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INTRODUCTION

What may appear to be the most straightforward construction project can become very
difficult when part or all of the structure is underwater. The logistics of working between
tides, the extra precautions needed to support the temporary works against current and wave
action and prevent damage to the environment and/or the concrete itself due to washout or
premature exposure to seawater and the difficulties of working underwater, all make the
constructor’s job difficult. The constructor, therefore, needs every possible assistance from
the designer and the designer needs to understand concrete technology if they are to succeed
as a team. This paper will outline the problems and the decision process needed to solve
them, with examples using the latest British Standards for the Specification, performance,
production and conformity of concrete. The design process, as always, involves trade-off
between considerations of practicality, durability and economy and is iterative. The paper
examines the main issues of safety, the marine environment, the form of construction,
selection of an appropriate concrete mix and nominal minimum depth of cover, placement
and curing to achieve a durable structure that is relatively straightforward to build with
minimum risk.

BUILDABILITY
Safety

Since March 1995, designers of all types of structure that are to be built, altered, renovated or
demolished in the United Kingdom, including temporary works, are required under the
Construction (Design and Management) Regulations 1994 to consider, during the design
process, the safety of those who are to construct, maintain or repair the structure. The CDM
Regulations are aimed at improving the overall management and co-ordination of health,
safety and welfare throughout all stages of a construction project to reduce the large numbers
of serious and fatal accidents and cases of ill health which occur every year in the
construction industry.

Two of the designer’s key tasks under the CDM Regulations, therefore, are to identify
significant health and safety hazards and risks of the design and to give adequate regard to the
heirarchy of risk control. This is a series of steps which need to be taken to control the risks,
with the first consideration being prevention of a hazard by altering the design to avoid the
risk if at all possible. If this cannot be achieved, the risk should be combated at source by
means of design details if reasonably practicable. Failing this, priority should be given to
measures to control the risk that will protect all workers, occupiers and the public at large.
Only as a last resort should measures be taken to control the risk by means of personal
protection.

Safety is therefore paramount in the consideration of the designer. Safety risk assessments
must be carried out to identify the hazards, the likelihood of occurrence, the severity of harm
that would arise from the hazard and, by multiplying the likelihood by the severity, the risk
level associated with the hazard. Actions for avoidance or, if not reasonably practicable,
mitigation and the residual risk must then be evaluated and recorded. A duty of the designer
under the CDM Regulations is to provide adequate information about the health and safety
risk of the design to those who need it. This will involve including a risk assessment with the
design to alert others to the risks which they cannot reasonably be expected to know.
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This is essential for the parties who have to use the design information such as the planning
supervisor, the principal contractor and other contractors who use the design information and
the actual individuals carrying out the work.

If the basic design assumptions affect health or safety, or health and safety risks are not
obvious from the standard design document, designers must provide additional information
on drawings, in written specifications or outline method statements on the assumptions taken
during the design about the precautions needed for dealing with the risks. The level of detail
recorded is determined by the nature of the hazards involved and the associated level of risk.

Further details of the CDM Regulations and how they are to be applied by designers are set
out in publications by HMSO [1], Health & Safety Executive [2-4] and CIRIA [5, 6].

One of the best methods of controlling the safety risks in marine and underwater works is to
choose the season for carrying out the work carefully to minimise the risk of high waves and
storm surges in maritime works or high water flows in rivers. The key to achieving this for
coastal works is in persuading clients that carrying out construction works during the holiday
season, which is usually the time when the risk of high winds and storm surge is least, can be
accomplished without adversely affecting the tourist trade. For each construction stage of
caisson structures, for example, the designer has to specify the waves which can be tolerated,
in height, period and direction, ie the limiting sea conditions for the construction windows
during float-out and sinking [7, 8].

Another method of controlling the safety risk during construction is to minimise the time
spent on underwater or inter-tidal activities by utilising precast concrete components as much
as possible. This also has the advantage of allowing the concrete to be cast and cured under
controlled conditions, thus avoiding poor workmanship due to difficult working conditions or
early exposure to seawater, which may compromise long-term durability due to rapid
chloride ingress whilst the concrete is immature. Precast concrete components that are not
cast and cured under properly controlled conditions, however, could be less durable than in-
situ concrete if the emphasis is solely on the speed of production and cost saving.

It is worth noting that the requirement of the CDM Regulations for designers to consider
safety during the service life and through to demolition of the structure and to avoid hazards
by design where possible, means that the durability and maintenance of the structure must be
considered at the outset. The hazards associated with in-service repairs to reinforced concrete
marine structures can be avoided if the structure is designed to be durable from the outset.
Buildability and durability, therefore, must be considered in detail by the designer from the
outset to deliver safety.

The Marine Environment

The environmental conditions for maritime structures vary significantly from the lowest level
of construction, usually beneath the seabed, to the highest level of construction, often well
above the level of extreme waves. They alter the physical loading on the structure in terms of
water pressure, waves and currents and also the environmental loading in terms of abrasion,
temperature, rainfall, frequency of wetting by seawater and exposure to drying conditions.
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1. For chloride-induced corrosion of embedded steel, reinforced concrete structures only. The
degree of severity will depend upon the climate zone - see Ref 7, or 9 Chapter 6, or 10

2. Applies to ice free locations with shingle (pebbles) beach deposits exposed to wave action only.

Degree of abrasion in each zone depends upon wave climate and level of seabed/beach relative
to structure, mean sea and tide levels.

3. Applies to impact and abrasion from steel ropes on cope, cargo handling on quay and mooring

forces on face of cope.

Figure 1 Suggested severity and difficulty ratings for buildability, curing, durability and
abrasion relative to tide levels in the marine environment
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The physical loading will dictate the size of members and the robustness of temporary works
needed during construction but the environmental loading will determine the long term
durability of the structure within each exposure zone. Because the environmental loading
determines the degree of risk of corrosion of embedded steel reinforcement and the risk of
abrasion, it will also influence the importance of curing the concrete before its exposure to
the degrading conditions. Selecting the correct type of construction as well as the most
appropriate concrete mix is essential for each of the exposure zones if the effort to achieve
the required durability is not to be wasted because of inadequate curing or premature
exposure to chlorides.

Figure 1 shows the author’s suggestions for the severity and difficulty ratings for buildability,
curing, durability against corrosion of steel in reinforced concrete and impact/abrasion for
concrete structures in the marine environment relative to tide levels. The durability exposure
zones are determined by the exposure to drying conditions, with the worst case conditions for
corrosion of reinforcement in areas of long term drying with occasional wetting by seawater.
The higher the temperature and the longer the drying period between wetting events, the
more severe the conditions become.

Form of Construction

Guidance on the selection of structural form for concrete structures in the marine
environment is given in BS 6349: Part 1[10] and BS 6349: Part 2 [11]. For general guidance
on the strategy to adopt in the design of maritime structures, BS 6349:Part 2 offers the
following good advice: ‘Greater economies are generally made by aiming at simplicity of
construction and robustness of design than by trying to reduce the quantities of materials in
the structure by complicated details. If in situ concrete is used within the tidal zone, members
should be detailed so that the concrete can be easily placed and effectively compacted. For
reinforced or prestressed concrete work in the tidal zone, it is generally better to use precast
units with the minimum of in situ concrete connections.’

In the submerged zone, the practicalities of construction favour piled construction, precast
caissons and precast blockwork. By understanding the environmental exposure zones relative
to the tidal levels for each specific structure location, the form of construction can be selected
to optimise the design for each zone. The change in exposure conditions for durability design
tend to coincide with the levels at which changes in working practices are needed to allow for
tidal and underwater working. For example, because the durability risk in relation to
corrosion is relatively low for parts of the structure which are below mean tide level because
they are permanently saturated, the use of reinforced or prestressed concrete for this zone can
often provide the most economic solution without the precautions to limit chloride ingress
that are necessary at higher elevations (as described later).

The form of construction, or at least the design of the depth of cover and concrete mix, can
then be changed for those parts of the structure above the mid-tide level and exposed to the
greater risk of corrosion of reinforcement. For example, under extreme hot dry conditions as
found in the Middle East, a plain precast concrete cope unit can be fixed to the main
reinforced concrete structure beneath by means of stainless steel dowels for durability and the
flexibility of future replacement following abrasion and impact damage.
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Working over water favours precast construction with in situ concrete connections between
concrete members and grouted connections between concrete members and tubular steel
supporting piles. The precast concrete can be in the form of permanent formers above and
around the tops of the supporting piles in which concrete is placed to give composite
structural action, which can lead to large section sizes, or fully precast. For decking, the most
economic solution is usually to cast an in situ topping above precast concrete planks with
steel shear connections in the form of links between the two through which the top
reinforcement is added before the topping is poured. The concept and application of a
composite precast, prestressed concrete system for wharfs has been described by Peeples et al
[12]. Cost comparisons between a cast-in-place deck and a composite deck above water has
shown 23% cost savings from the precast composite deck system [13].

DURABILITY

Marine Concrete Specification

Recently there has been significant progress in the recognition of exposure conditions and
deterioration mechanisms for concrete in the marine environment culminating in the
publication of revised British Standards BS 6349-1:2000 [10], BS 8500-1:2002 [14] and
BS 8500-2:2002 [15]. Durability modelling, however, is in its infancy and there are a wide
variety of opinions on how different concrete mixes will perform in the different
microclimate zones within the marine environment. The committee chairpersons tasked with
arriving at a consensus view for each of the British Standards had difficult jobs and each
committee comprised different people, so it is not surprising that there are some slight
discrepancies between the recommendations given in BS 6349-1:2000 on concrete mixes for
maritime structures and those given in Table A.13 of BS 8500-1:2002 for concrete exposed to
seawater. The exposure classes for the latter had been defined as part of the pan-European
development of Eurocode EN206-1:2000 [16], so the committee for BS 8500-1:2002 did not
have the latitude to sub-divide the exposure class for XS2 to distinguish between the
permanently submerged and the frequently wetted zones in the lower tidal zone that was
exercised by the committee for BS 6349-1:2000 when they developed Class XS2/XS3. The
designer needs to be aware that the slight differences between these Standards reflect only
part of the range of opinion on durability design because the subject is complex. The
selection of a particular combination of concrete mix and depth of cover for a given
environmental exposure will have an associated probability of failure which, at present, we
are unable to quantify with precision as we lack detailed studies of a large number of actual
structures. The selection of higher grades of concrete with increased percentages of
cementitious additions, lower water/cement ratios and larger depths of cover will, however,
reduce the risk of failure if these concretes can be placed and cured properly before exposure
to seawater. The designer can therefore select different relative risk levels for different
structural components depending upon their criticality to the performance of the structure
and/or their difficulty to repair.

It is also worth noting that these British Standards generally relate to environmental
conditions in the United Kingdom and could be applied to similar temperate climates with
similar sea water salinity. BS 6349-1:2000, however, also gives comparative ratings for
chloride-induced corrosion of reinforced concrete in three different climate zones, namely
cool/temperate, tropical hot wet and desert hot dry conditions as defined by Fookes [17, 18].
In addition, BS 6349-1:2000 gives suggestions for concrete mixes and depths of cover to
reinforcement under these different marine climates [7, 9, 11].
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Table 1 Suggested alternative concrete mixes for external concrete in coastal areas not
directly in contact with seawater for 50 years service life in temperate, UK conditions

CONSTRUCTION REINFORCED REINFORCED
CONCRETE CONCRETE
Casting & curing Cured 4 days Cured 7 days
Exposure Airborne salt Airborne salt
XS1 XS1
Grade C45 C40
Cement Type 100% Pc 50% ggbs
or
25% pfa

Cement content'
(kg/m®)

360 minimum
425 maximum

340 minimum
400 maximum

Max free water- 0.45 0.50
cement ratio
Admixtures BS5075 BS5075
Pts1 &3 Pts1 &3
Cover (mm)
Minimum 55 40
Nominal* 70 55

Note 1 Maximum aggregate size 20 mm
Note 2 Tolerance of 15 mm added to minimum for workmanship

Tables 1 to 3 give the author’s suggestions for some alternative concrete mixes in the marine
environment in the UK which are mainly in agreement with the recommendations of either
BS 6349-1:2000 or BS 8500-1:2002 or lie between the two. The exception is in the use of
100% ordinary Portland cement in reinforced concrete that will be exposed to airborne salt in
coastal areas, where the author considers that the minimum depth of cover should be
increased to 55 mm from 40 mm recommended by the British Standards to allow for wind-
borne salt water spray and the relatively poor performance of this mix in resisting chloride
ingress. Again, it is a matter of selecting the degree of risk of corrosion damage considered
appropriate.

These tables show only a few of the many alternatives available for each exposure class. It
was the intention of the technical subcommittee B/517/1 who drafted BS 8500 to encourage
designers to consider “trade-off” between depth of cover and concrete quality to optimise
designs for particular circumstances. Therefore, Tables A.10 to A.13 of BS 8500-1:2002
recommend different limiting values of the concrete properties for different depths of cover.
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Table 2 Suggested alternative concrete mixes for reinforced concrete in the upper tidal
and splash zone for 50 years service life in temporate, UK conditions

CONSTRUCTION REINFORCED REINFORCED REINFORCED REINFORCED
CONCRETE CONCRETE CONCRETE CONCRETE
Casting & curing  Cured 4 days Cured 7 days Controlled Cured 14 days
(or precast) Permeabilitzy (or precast)
formwork
Cured 7 days
Exposure Upper Tidal Upper Tidal Upper Tidal Upper Tidal
and Splash and Splash and Splash and Splash
XS3 XS3 XS3 XS3
Grade C50 C45 C40 C35
Cement Type 100% Pc 50% ggbs 50% ggbs 70% ggbs
or or or
25% pfa 25% pfa 30% pfa

Cement content'
(kg/m’)

Max free water-
cement ratio

Admixtures

Cover (mm)
Minimum
Nominal

400 minimum
450 maximum

0.40

BS5075
Pts1&3

60
75

370 minimum
425 maximum

0.45

BS5075
Pts1&3

50
65

360 minimum
410 maximum

0.50

BS5075
Pts1&3

40
55

340 minimum
400 maximum

0.50

BS5075
Pts1 &3

50
65

Note 1 Maximum aggregate size 20 mm
Note 2 Controlled permeability formwork reduces chloride diffusion coefficient in
surface zone by reducing effective water/cement ratio, allowing reduced cover.

What Tables 1 to 3 demonstrate is that designers have to consider each mix selection
carefully to cover the lifecycle of the concrete from placement and curing through to the end
of the design service life. Because the curing requirements for the mixes vary with cement
type and the exposure conditions, the choice of cement type affects both buildability and

durability.

It is worth noting that, whilst the maximum free water/cement ratios given in Tables 1 to 3
generally follow the recommendations of the British Standards, reducing the water/cement
ratio will be beneficial for all the mixes in terms of improved strength and durability and
reduced sensitivity to poor curing conditions. As a rule-of-thumb, it is considered that a
reduction in water/cement ratio of 0.05 is equivalent to an increase in cover depth of 5 mm as
research shows that it is the water/cement ratio which controls the resistance to chlorides and

not cement content per se.
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The higher allowable maximum water/cement ratios in combination with reduced depths of
cover for mixes containing ggbs or pfa are in recognition of their superior chloride barrier
properties.

Table 3 Suggested alternative concrete mixes for reinforced and plain concrete in
the lower tidal zone for 50 years service life in temperate, UK conditions

CONSTRUCTION REINFORCED

CONCRETE

PLAIN CONCRETE

Casting & curing In situ curing not
possible except to
leave formwork in

place for extended

In situ curing not
possible except to leave
formwork in place for
extended period for

Exposure

Grade

Cement Type

Cement content'
(kg/m’)
Max free water-
cement ratio
Admixtures

Cover (mm)
Minimum
Nominal

period for protection
Lower tidal

XS2/XS3 to BS
6349-1:2000;,

XS2 to BS8500-
1:2002

C40

100% Pc,
50% ggbs or
25% pfa
360 minimum
410 maximum
0.50

BS5075
Pts1 &3

50
65

protection
Lower tidal

C35

100% Pc,
50% ggbs or
25% pfa
320 minimum
375 maximum
0.55

BS5075
Pt 1]

Not applicable
Not applicable

Note 1 Maximum aggregate size 20 mm

Design Details

To achieve durability, the structure must be designed to eliminate the risk areas as far as
possible. Plain concrete should be chosen wherever practicable, but where reinforced
concrete is necessary for structural reasons or for early thermal crack control to permit
monolithic forms of construction, durable mixes with ground granulated blastfurnace slag or
pulverised fuel ash additions should be the first choice for precast concrete or in situ work
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that can be protected by the formwork until it is cured. These blended cement mixes will
require an allowance for the slower early strength gain in thin sections and the need for
extended formwork striking times. Sharp corners should be avoided, particularly in abrasive
conditions (where the mixes listed in Tables 1 to 3 are likely to be inadequate and further
precautions such as increased strength and the addition of steel fibres should be considered),
and if unavoidable, large chamfers or rounded corners detailed instead. Any details which
increase the surface area relative to the volume of concrete, such as T or I-section beams,
should be avoided to minimise the surface available for ingress of chlorides. Flat slabs with
smooth soffits and no support beams should be adopted wherever possible. Abrupt changes
in section should also be avoided to eliminate the risk of cracking. The upper surfaces in the
splash zone should be detailed to drain without maintenance cleaning of channels and, in hot
dry climates, any drainage channels should be lined with waterproof material as a further
safeguard against chloride ingress. In situ reinforced concrete connections and/or box outs
should be avoided in the tidal or splash zones and horizontal construction joints in reinforced
concrete located above the tidal zone where possible. Circular piles should be chosen instead
of square to maintain uniform cover and eliminate corners. Precast concrete should be
utilised as far as possible. The design and spacing of movement joints should allow for
settlements on rockfill embankments or breakwaters and early thermal contraction of thick
sections to avoid excessive cracking. For reinforced concrete that must be concreted below
water level, the section size and reinforcement spacing should be designed for ease of access
of the tremie or pump discharge pipe to the centre of the section and flow of concrete around
the bars.

Placement and Curing

To avoid damage to concrete placed in situ under water, the fresh concrete must be protected
from washout during placing by careful placing technique or by mix design, using underwater
admixtures for increased cohesion. Underwater concrete placement to form foundations,
prevent scour or strengthen and repair existing structures will usually require formwork. For
foundation slabs, steel frames with integral levelling jacks lifted by crane and positioned by
divers is a tried and tested method of construction [19]. The design of concrete mixes for
underwater placement has historically involved the use of higher cement contents than
normal, partly to allow higher workability to achieve self-levelling properties and partly to
allow for the perceived washout of cement from the surface. According to Cooke[19], the
use of greatly increased cement contents is not necessary as cement loss is minimal with
carefully placed concrete, and the extra cement can create a significant layer of laitence.
Unless the water velocity is in excess of 0.5 metres/second, only the outer film of cement is
likely to be lost from the mobile advancing face and top surface. Excessive cement contents
can also lead to thermal cracking during cooling from the peak temperatures generated during
hydration, which may be of concern in some applications. Modern guidance, such as BS 6349
Part 1, also confirms that high cement contents are not necessary.

In situations where the water velocity is higher than 0.5 metres/second, or where there is an
environmental requirement to prevent washout of fines, or where high structural integrity is
needed, then the use of cellulose or gum underwater anti-washout admixtures in conjunction
with superplasticisers is the solution for underwater concreting. McDonald [20] has very
usefully described the research carried out by the US Army Corps of Engineers in evaluating
methods for repair of concrete underwater and the concrete mixes and methods used. He
advises that concrete mixes proportioned for underwater placement, with self-compaction and
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moderate resistance to water erosion, generally require a minimum cementitious content of
356 kg/m® and a maximum water/cement + pozzolan ratio of 0.45, whilst mixes proportioned
for maximum flowability and cohesiveness have cementitious contents approaching
415 kg/m® and a water/ cement + pozzolan ratio of 0.40 or less. Slumps of 150 to 230 mm
are generally required.

Cullen [21] has described the successful use of a Grade C40 self-compacting concrete with
anti-washout admixture for the placement of a mass concrete foundation block for the Low
Level Refuelling Facility at Devonport Royal Dockyard.in Plymouth, UK. The mix was
developed to be placed within a cofferdam measuring 46 m by 27 m and under approximately
10m of water without reinforcement and yet providing a low risk of cracking. Mix
development trials found the optimum solution contained 75% ggbs, 450 kg/m’ total cement
content, a maximum water/cement ratio of 0.45, and flowed with a surface gradient of
approximately 1 in 10. This allowed the tremie spacing to be increased to approximately 7 m
in each direction. The reduced heat of hydration of this mix, which contained limestone
aggregates which increased its tolerance to early thermal temperature gradients, allowed the
thickness of each layer to be increased up to 4 m if sufficient, uninterrupted concrete supplies
had been available.

For placing plain concrete under water in relatively large areas, skips have traditionally been
used. They have the advantages of ready availability and the precise load, jib radius and
angle for each position allows the pours to be planned. They can be used over a wide tidal
range and depth of water. Their disadvantages are that the skip placing has to be controlled
by diver, often in poor or nil visibility, which determines the quality that can be achieved and
the speed of delivery. Each insertion of the skip into the fresh concrete creates laitence,
which is likely to be trapped within the pour, so it is not suitable for structural grade concrete.
It is also a potentially dangerous operation as the divers are at risk from falling objects and
the skip swings in strong tidal conditions, so this would rule it out under such conditions on
grounds of safety to satisfy the current CDM regulations.

Placement within formwork and below water level is most easily and safely achieved by
pumping directly into place or through a tremie pipe. In both cases the delivery pipe is
positioned at the bottom of the pour and gradually lifted out as the level of concrete rises. If
flexible hose is used for the tremie pipe which will allow water pressure to close the pipe
between charges of concrete and reduce the risk of segregation, then allowance needs to be
made for the elastic stretching of the hose with the load of concrete inside when calculating
the length required to leave sufficient gap at the bottom of the pour. Interruptions to the
placement sequence are to be avoided and the end of the discharge pipe must be kept
embedded in the fresh concrete and behind the flowing face to avoid the inclusion of
seawater.

For pours within formwork that are longer than a few metres, a series of pump or tremie
positions will be required, with the flow of concrete and delivery sequence planned to avoid
the inclusion of seawater between placement positions. Lateral movement of tremie pipes
within a pour is normally undesirable as the seal may be lost or some wash out may occur. A
detailed description of the procedure of placing concrete by tremie has been produced by The
Concrete Society [22]. Consideration of the concrete’s cohesion and flow properties is an
essential part of planning such pours to optimise the overall cost of the operation. It is
normal practice to select a self-compacting concrete with high flow properties. Anti-washout
properties may not be needed for concrete placed directly within formwork if the concrete is
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protected from waves and currents, but the increased cohesion of the concrete achieved with
a stabilising admixture will improve the quality of the concrete in place and reduce the risk of

defective workmanship.

Other methods of concrete placement underwater have been used, including re-usable,
bottom-opening canvas bags, hessian bags half-filled with a very plastic concrete mix [22],
bottom-dumping buckets, tilting pallets and grouted, pre-placed aggregates [20]. The hessian
bags are only useful for small permanent works and repairs or for temporary works where

high structural standards are not required.

Table 4 Examples of underwater concrete mixes

Construction

Plain concrete

Plain

Typical self-

Foundation concrete,large levelling,
900 mm thick [19] pour,minimum underwater concrete
thermal with anti-washout

cracking,self- admixture [23]
levelling withanti-
washout admixture

[21]
Casting & curing  Skip placed by crane  Tremie placement Pump or tremie

2.75 m deep
Curing not possible
Exposure Submerged Submerged
Grade C25 C40
Cement Type 100% Pc 75% ggbs

Cement content
(kg/m’)

Curing not possible

400 minimum
450 maximum

in layers 1.4 m —

400 minimum
475 maximum

Max free water- 0.50 0.45
cement ratio
Admixtures BS5075 BS5075
Parts 1 and 3 Part 3 +
Underwater
/stabiliser
admixture
Workability Flow Not quoted 600 + or — 50 mm

Curing not possible

Submerged
C35
30% pfa
400

0.42

BS5075 Part 3 +
Underwater/
stabiliser admixture

600 mm

Note I Maximum aggregate size 20 mm
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In the author’s experience, their main drawback is in the lack of good bond between the bags
or between bags and the structure being repaired. Unless a positive mechanical bond is
achieved, individual bags can be easily disturbed by wave action.

In the splash zone, it is a worthwhile precaution to wash reinforcement that has been exposed
to seawater splashes with fresh water immediately prior to placing concrete to limit built-in
chloride levels. This is particularly important in hot dry conditions, where the contamination
of chlorides can build up on the steel from wind-blown sources and the risk of corrosion is
high. Below high-tide level, where the reinforcement is exposed during low tide there is no
need as the risk of corrosion is low due to the regular wetting of the concrete stifling the flow
of oxygen to the steel.

In the tidal zone, it is necessary to protect the young concrete through the hydration phase
until discontinuous capillaries are achieved before exposing it to seawater otherwise there
could be an early build-up of chlorides within the cover zone. The most practical method is
simply to leave the formwork in position for longer than usual to keep the seawater away
from the immature concrete.

Above the tidal zone, in the splash zone and higher, then normal fresh water curing is
recommended for a duration depending upon ambient conditions and cement type. The
curing periods given in Tables 1 to 3 are for UK conditions in temperatures above 5°C.

For scour prevention and for encasement repairs of existing concrete piles, high strength
woven textiles can be used to construct fabric forms as mattresses or jackets [24]. These
have been developed from the concrete-filled sandbag technique traditionally used to block
holes underwater or provide scour protection. The mixes employed for filling textile
formwork has often been a micro-concrete with sand up to 1.5 mm size as the coarsest
aggregate or a pump mix with a maximum aggregate size of 10 mm and a cement content
between 450 and 600 kg/m’ to facilitate flow and placement in relatively thin sections.

CONCLUSIONS

The marine and underwater environments pose a tremendous challenge to the ingenuity of the
engineer in designing structures that can be built safely, with control of the risks during
construction, and that provide durability over the service life required.

Developments in legislation in UK place more onus on the designer to consider during the
design process the safety of those who are to construct, maintain or repair the structure. By
using ingenuity and having due regard to buildability and durability, the designer can ensure
he meets this requirement and minimises the need for maintenance and repairs which
introduce further hazards.

Advances in the specification of concrete mixes for the marine environment in British
Standards has given the design engineer the guidance needed to produce durable concrete and
improve sustainability by reducing maintenance repairs.

The emergence of self compacting concrete technology for underwater applications has
recently been demonstrated successfully on a major project, which has shown the way
forward for concrete technology in many applications.
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This is an exciting time for the development of concrete technology in the marine and
underwater environments. The requirements of buildability and durability are converging
with the application of improved understanding of concrete durability in the marine
environment and the use of admixtures and cement replacement materials which deliver the
concrete properties needed for safety, economy and sustainability.
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THE REINSTATEMENT OF A POST-TENSIONED MARINE
STRUCTURE — AN UNUSUAL CHALLENGE

A R Evans
Scott Wilson
United Kingdom

ABSTRACT. A routine inspection of a prestressed concrete dock dividing wall revealed
significant cracking. At the time of the inspection, the wall retained up to 13m of sea water.
Concerns for safety led to flooding of the dock in order to reduce pressures on the wall. Against
the background of known problems with post-tensioned structures and the concern of possible
loss of prestress, a number of options for repair were considered. These included the
construction of major remedial works. In the event a novel and challenging approach was
adopted. This involved the monitoring of the behaviour of the structure under varying load
conditions. This work, together with an intrusive investigation led to a restoration of confidence
in the wall and the possibility of more modest repairs.
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INTRODUCTION

The operator of a major dry dock decided some years ago to divide it into two parts in order to
create two smaller facilities. This was achieved by constructing a prestressed concrete wall at
the mid-point of the dock.

The design and construction of the wall in the medium of prestressed concrete followed
naturally from the popularity if this material at the time (1970). Reinforced concrete had
become a universally used material which was considered by many to have an almost limitless
lifespan. Prestressed concrete was a natural progression which allowed greater spans and more
slender construction. The problems which have afflicted the concrete industry had not yet
emerged to any great degree at that time. The wall served its purpose for some years retaining
up to 13m of seawater without incident. However when a routine inspection in 1993 by a Scott
Wilson Engineer revealed significant cracking, a potentially serious problem was recognised.

Between 1970 and that time, concrete construction had been plagued by problems. In particular,
prestressed construction in bridges of the precise kind used in the wall had been subject to
chloride attack. Similar construction in a dock in Greece was the subject of failure (1). The
presence of sea water in the vicinity of the cracks in the wall raised the spectre of loss of
prestress and hence the greater part of the strength of the wall.

In order to reduce the risk of structural failure of the wall, the operator decided to flood the dock
on one side of the wall thus reducing the differential head of water. Whilst taking away the
immediate urgency of the situation, the use of the dock facility was lost.

The investigation of the problem and design of the remedial works is the subject of this paper.

THE DESIGN OF THE WALL

Two major reinforced concrete beams were designed which spanned horizontally at the top and
bottom of the dock, the prestressed wall spanning about 13m vertically between them.

Figure 1 overleaf shows an elevation and section through the wall.

The upper horizontal beam incorporated a man-entry size subway for water, power and various
other services.

The original dock, which was constructed around the turn of the last century comprises stone-
clad mass concrete resting on a shale substrate. More recent reinforced concrete extensions have
been added to the walls of the dock.

The wall, which was designed by T F Burns & Partners, was constructed in situ in five equal
lifts and incorporated the BBRV prestressing system. Forty-five pairs of tendons were used,
each comprising 55 No. 7 mm diameter wires. Each tendon was stressed to 230 tonnes against a
working load of 220 tonnes. After stressing, the enclosing sheaths were grouted from a point
close to the base of the wall.

Aside from the main reinforcement for the horizontally spanning beams, the wall was generally
lightly reinforced against shrinkage/thermal cracking.
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Figure 2 Wall base detail

Articulation of the wall at its base was catered for by means of bitumen coating and a 20 mm

slot with flexible infill.

A check calculation was carried out based upon unyielding supports in accordance with BS8110
pt 1. This revealed satisfactory factors of safety against bending, but there was doubt
concerning the shear capacity at the base. If prestress had been lost in part due to corrosion of
the tendons, then collapse of the wall with severe consequences was possible.
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CRACKS IN THE WALL

The cracks which were discovered were sharp indicating relatively recent origin. They were up
to a few millimetres wide and extended around 10m in length close to the base and on both sides
of the wall.

After discovery of the cracks, a limited monitoring exercise was carried out over several months
which showed a small but progressive increase in crack width. A Scott Wilson report of 1994
suggested that the cracking could be caused by shrinkage or thermal strains, loss of prestress or
movements in the foundations or original stepped dock wall.

At around this time the decision was made to flood the dock. It was not possible after this to
continue monitoring the crack widths in the manner which had been instigated as the gauges

were under water.

A diving survey carried out in 1997 indicated that the cracking had not increased to a significant
degree although it was difficult to be precise.

FSUBWAY

WALL NOTCHED INTO
ORIGINAL DOCK WALL

APPROXIMATE
LOCATION OF
CRACKS

]

-ORIGINAL DOCK CONSTRUCTION
MASS CONCRETE WITH STONE
FACNG

Figure 3 Cracking to wall elevation Figure 4 Position of cracks on elevation

REPAIR OPTIONS

In 1997 the Dock Operator requested that Scott Wilson put forward ideas for strengthening the
wall on the assumption that prestress had been lost and that work should be carried out with the
docks flooded. Ideas which emerged from a brainstorming exercise included using mass
concrete cast under water with permanent shuttering, reinforced concrete, mass concrete with
reusable shuttering and the addition of further prestress. A rapid estimating exercise revealed
repair costs to be in the region of £0.75-£1.25 million.
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MONITORING PROPOSAL

While the repair options were under consideration, the dock operator received a proposal from
Structural Statics Ltd which offered the possibility of restoring confidence in the wall with
reduced expenditure.

The essence of the proposal involved monitoring the behaviour of the wall under varying loads
and comparing this with the behaviour predicted using analytical techniques. A sophisticated
system was proposed which had been developed for steel caissons and had succeeded in
prolonging their life. The equipment which had previously been used on the steel caissons was
available for re-use.

This exercise would be able to demonstrate whether prestress had been lost.

It was proposed by Scott Wilson that the monitoring be backed by an intrusive investigation in
order to physically inspect the tendons and the concrete.

In the event, the dock operator accepted the proposals and requested that Scott Wilson lead the
team.

INTRUSIVE INVESTIGATION
The intrusive investigation involved the extraction and testing of cores and the inspection of
tendons, grout and prestressing anchorages. Whilst working under water, further inspections of
the cracks were also undertaken.
A total of 8 cores were drilled and extracted from the wall. In order not to cause damage, the
final stage in exposing the tendons was carried out with an ultra high pressure water jet.
Underwater CCTV was used to inspect and record the condition of the exposed tendons. A
single core was taken at the location of the crack.

Anchorages were carefully exposed within the subway at the top of the tendons.

The conclusions of the investigation are summarised below:

1. Exposed tendons showed no significant loss of section or penetrative corrosion (see
figure 5).

2. Grouting appeared to have been reasonably well accomplished.

3. Anchorage heads were in good condition.

4. Concrete quality was good. Chloride levels, cement contents and sulphates were all

satisfactory. Strengths and moduli of elasticity were at reasonable levels (see Table 1).

5. The core taken through the crack appeared to demonstrate that the crack did not
penetrate right through the wall but terminated at the compression zone (see Figure 6).
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Figure 5 Still image showing tendons and grout
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Figure 6 Compression zone in wall base

THE MONITORING EXERCISE

Detailed monitoring was carried out of the behaviour of the wall between 1998 and 2000.
During this period, problems were encountered with the system due to accidental damage, long
delivery of specialised parts, IT problems and even the interference by fish. It should be

recognised that highly sensitive equipment was installed under water with minimal visibility
and hence such problems might be expected.
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Table 1 Physical Tests

CORE REFERENCE No. 3 6 7
Condition of sample at receipt Dry Dry Dry
Curing/Storage conditions Tank Tank Tank
Sample type Core Core Core
Mean length (mm) 146 146 146
Mean diameter (mm) 68 68 68
Saturated density (kg/m®) 2380 2370 2380
Gauge Type Vibrating Vibrating Vibrating
wire wire wire
Gauge length (mm) 90 90 90
No. of gauges per sample 2 2 2
Compressive strength of 48.5 48.5 48.5
companion specimen (N/mm?)
Compressive strength of test 49.5 46.5 39.5
sample (N/rnmz)
Compressive strength of test Yes Yes Yes
sample within 20% of estimated
strength
Static modulus of elasticity 34000 26500 21500
(N/mm?)
Failure mode Normal Normal Normal

Equipment which measured minute variations in angle and linear strain was installed at various
locations on the wall. In addition, water levels and temperature gauges were installed on both
sides of the wall.

During the course of the work, water levels were adjusted within sa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>