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Chapter 1
Introduction

Carlo Pellegrino and José Sena-Cruz

Abstract This book analyses the current knowledge on structural behaviour of RC
elements and structures strengthened with composite materials (experimental,
analytical and numerical approaches for EBR and NSM), and the comparison of the
predictions of the current available codes/recommendations/guidelines with selec-
ted experimental results. The book shows possible critical issues (discrepancies,
lacunae, relevant parameters, test procedures, etc.) related to current code predic-
tions or to evaluate their reliability, in order to develop more uniform methods and
basic rules for design and control of FRP-strengthened RC structures. General
problems/critical issues are clarified on the basis of the actual experiences, detect
discrepancies in existing codes, lacunae in knowledge and, concerning these
identified subjects, provide proposals for improvements. The book will help to
contribute in promoting and consolidating a more qualified and conscious approach
towards rehabilitation and strengthening existing RC structures with composites
and their possible monitoring.

Keywords FRP � FRCM � Composites � Strengthening � Reinforced concrete

Introduction

Strengthening and retrofitting of existing structures have been widely discussed
topics for the last few decades. A great number of existing structures need reha-
bilitation or strengthening because of improper design or construction, change of
the design loads, damage caused by environmental and/or human factors, seismic
events, etc. Several different systems have been developed and used to strengthen
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existing structures. They include replacing structural members, adding new material
to improve their performance, modifying the restraint conditions, introducing
post-tension, etc. These techniques have been proven to be effective, but in some
cases they can be expensive and difficult to apply. The use of fibre reinforced
composites applied to existing structural elements may represent a cost-effective
alternative to such traditional strengthening techniques. Among fibre reinforced
composites, strengthening by means of fibre reinforced polymers (FRP) has gained
great popularity because of its high mechanical properties and relatively low cost.
FRP composites are comprised of high strength fibres (e.g. carbon, glass, aramid)
applied to the element surface through thermosetting organic matrices, usually
epoxy resin. FRP composites can be externally bonded (ER) to the element surface
or placed within groove carved into the element and filled with organic matrices
(Near Surface Mounted technique, NSM). The fibres are meant to carry the tensile
forces, whereas the matrix transfers the stress to the concrete support. They are easy
to install, have a high strength-to-weight ratio, and have suitable mechanical
properties. The structural behaviour of FRP composites applied to reinforced
concrete (RC) elements and structures has been widely studied over the last decades
and these studies have resulted in some design guidelines. American ACI
440.2R-08 (2008), European fib T.G. 9.3 (2001), and Italian CNR-DT 200 R1
(2013) are examples of such guidelines. Although a large number of experimental,
analytical, and numerical studies regarding FRP composites are available in the
literature, the predictions provided by guidelines and analytical models are some-
times contrasting and disagreeing with the experimental results. For this reason, the
scientific community is still discussing about some important issues and new
improved guidelines are under preparation all around the world. It has been
observed that the use of organic resins, though effective, may represent an issue for
the durability of the intervention. Indeed, organic matrices degrade when exposed
to UV radiation and loose most of their mechanical properties when subjected to
temperatures close (or higher) to their glass transition temperature. Promising
newly-developed types of matrix that potentially represent a valid alternative to
organic resins are the so-called inorganic matrices. Within the broad category of
inorganic matrices, polymer-modified cement-based mortars have raised some
interest in recent years. Composite materials that employ modified cement-based
mortars are usually referred to as fiber-reinforced cementitious matrix (FRCM)
composites. Although several works about FRP strengthening are available in the
literature very few studies can be found regarding FRCM composites.

The international Rilem Technical Committee 234-DUC was created in 2009
with the aim of facing the issues connected with the use of fibre reinforced com-
posites to strengthen RC elements and structures. This committee is composed by a
team of experts representing most of the main international institutions working on
the subject. Members become from international academic and research institutions,
other Rilem technical committees working on reinforced concrete and composites,
standardization groups, and national and international groups who have contributed
to the development of the current codes/recommendations/guidelines. The com-
mittee includes members from Italy, Cyprus, United States, England, Portugal,
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China, Germany, Switzerland, Sweden, Spain, and other countries. Through the
fruitful collaboration between members, promoted by the annual meetings, the
committee could analyse many different aspects of the FRP strengthening technique
and give insights for improvement and development of the existing analytical
models. Furthermore, newly-developed promising fibre reinforced inorganic com-
posites (FRCM) were analysed as well.

This book collect the results of 4 years of work by the Technical Committee
234-DUC. Chapter 2 provides the outcomes of a statistical analysis based on the
indication of EN1990 and extended to the case of EBR FRP system. This chapter
shows a procedure to evaluate the statistical parameters of the capacity models and to
evaluate its characteristic values, which is the aim for application in design.
Furthermore, some applications are reported to prove the feasibility of the proposed
procedure. Chapter 3 provides a deep analysis of the bond behavior of FRP com-
posites externally applied onto RC structures. The bond is described through a
fracture mechanics approach and the theoretical models are compared with the
experimental results available in the literature. An assessment of the most important
analytical models for the estimation of the bond strength of FRP-concrete joints is
provided as well. Finally, the chapter faces the critical issues of models and
experimental procedures employed to investigate the FRP bond behavior. In Chap. 4
shear strengthening by means of EBR FRP is analyzed. The main analytical for-
mulation for the evaluation of the shear strength of shear strengthened RC elements
are recalled and new improved formulations are provided. The models analyzed are
assessed through a wide experimental database to evaluate their accuracy with
respect to the experimental evidences. Chapter 5 describes the use of FRP jackets for
confining RC members mainly subjected to axial loading. The current formulations
for the evaluation of the effective ultimate strain in the FRP are provided and
discussed. The influence of the internal steel on the EBR FRP jackets and particu-
larly the effects of possible bar buckling are discussed as well. Finally, experimental
results available in the literature are compared with analytical provision to assess the
accuracy of the proposed models. Chapter 6 gives an overview on the state-of-the-art
about verifications of reinforced concrete structures using Externally Bonded
(EB) Fibre Reinforced Polymers (FRP) under serviceability loading conditions (long
term behaviour, durability under severe conditions), fatigue load, and fire and high
temperature. Furthermore, the use of anchoring systems and mechanically fastened
system is described. Chapter 7 describes the use of prestressed EBR FRP system.
The chapter provides information regarding commercially available prestressing
systems and their anchorage procedures. The newly-developed technique of “gra-
dient anchorage” and various current prototypes at the laboratory-scale level are
shown as well. Chapter 8 gives an overview on the state-of-the-art of the NSM
technique for structural retrofitting of reinforced concrete structures using FRP
composites. The chapter firstly describes the technique and addresses the existing
knowledge on the bond behaviour. Furthermore, two formulations for predicting the
NSM shear carrying capacity are provided. Finally, the needs for future research on
this topic are identified. Chapter 9 describes the use of FRCM composites for
strengthening existing RC and masonry structures. After introducing the
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commercially available composites, the chapter gives a state-of-the-art about the test
methods under development for characterizing this materials and provides a fracture
mechanics approach that allows for describing FRCM-concrete joints bond behav-
iour. Finally, the effectiveness of the FRCM technique for flexural strengthening and
confinement of RC elements is shown and some experimental campaigns are
described.
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Chapter 2
Design by Testing and Statistical
Determination of Capacity Models

Giorgio Monti, Antonio Bilotta, Annalisa Napoli, Emidio Nigro,
Floriana Petrone and Roberto Realfonzo

Abstract In this chapter, the procedure proposed in EN1990 is adopted and
extended to the case of EBR FRP systems, with the aim of attaining a uniform
reliability level among all equations developed in this technical report. This approach
will allow comparing experimental results and theoretical predictions in a consistent
manner, and also identifying possible sources of error in the formulations. Any
capacity model should be developed on the basis of theoretical considerations and
subsequently fine-tuned through a regression analysis based on tests results. The
validity of the model should then be checked bymeans of a statistical interpretation of
all available test data. The formulation should include in the theoretical model a new
variable that represents the model error. This variable is assumed to be normally
distributed whit unit mean and standard deviation to be evaluated from comparison
with experimental results. Once the statistical parameters of the model error are
known, it is possible to define the statistical parameters of the capacity model and to
evaluate its characteristic value, which is the aim for application in design. Some
applications are shown to prove the feasibility of the proposed procedure.

Introduction

When developing a design equation, the predictive ability of the analytical capacity
model, regardless of how it has been obtained, whether through a mechanics-based
approach or through a regression from test data, must be validated over a reason-
ably large(r) set of experimental data. Thus, the definition of a reliable capacity
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model to be used in practical design applications requires to follow a rigorous
procedure that eventually will aim at calibrating the safety factor to apply to the
equation so that it meets an assigned reliability target. This procedure requires the
model to be formulated in a probabilistic way, so that both inherent and epistemic
uncertainties of the underlying basic variables (geometry and materials, essentially)
can be dealt with, as well as the uncertainties associated to the capacity equation
itself. All of these uncertainties can be easily incorporated into a model, through the
adoption of a random variable that represents the difference between actual and
predicted response.

Probabilistic Capacity Models: Analytical Definition

As widely illustrated by Monti et al. (2009) (and also by Monti and Petrone 2014
who extended the procedure to the case of additive uncertainties), a capacity model
should be defined as:

C f ; af g ¼ R f ; af g � d Xif g ð2:1Þ

where: R is a function that “explains” the resisting mechanism capacity, given
certain mechanical properties f and geometrical properties a, and represents the
“deterministic” part of the capacity model; d Xif g is a random variable containing
information about the overall model error prediction with respect to experimental
results, and represents the “random” part of the capacity model. It is characterized
by mean ld ¼ b and variance r2d and is a function of all the Xi parameters char-
acterized by uncertainties. In the following it will be assumed: Xf gi¼ f ; a;mf g,
where f , a and m are parameters related to materials, geometry and model,
respectively.

In common practice, only the deterministic part of the capacity model is con-
sidered, usually given as:

Cdet f ; af g ¼ b � R f ; af g ð2:2Þ

Many interpret b as a model fine-tuning coefficient (sometimes called “igno-
rance” coefficient), so that, when the “deterministic” (mean) part of the capacity
model is used, see Eq. (2.3), it predicts the experimental capacity with zero error “in
the average”. The coefficient b is computed through a least-square approach, by
minimizing “in the average” the difference between predicted and experimental
values. Pictorially speaking, the coefficient b brings the “cloud” of
“theoretical-experimental” points closer to the bisectrix of the Cartesian plan.

Therefore, once the functional form R f ; af g is found, in order to completely
describe the random variable d, we perform n experimental tests T , by “appropri-
ately” changing the values of f and a. So, by selecting n sets of values
fexp;i; aexp;i

� �
, we obtain n experimental values of the capacity, expressed as:
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C ¼ T fexp;i; aexp;i
� � � s ði ¼ 1. . . nÞ ð2:3Þ

where s represents a random error, with unit mean and assigned variance, the latter
being due to test setup imprecisions, load application modality, and measurement
errors that may affect the results. Usually, this term is disregarded (in the sense that
the measured values Cexp;i already include it).

The corresponding values predicted by the “deterministic” model are:

Cdet;i fexp;i; aexp;i
� � ¼ b � R fexp;i; aexp;i

� � ð2:4Þ

By comparison of n experimental and theoretical values, b is found from the
well-known minimization:

min
Xn
i¼1

Cexp;i

Cdet;i
� 1

� �2

! b ð2:5Þ

Equation (2.7) can be analytically developed to finally obtain:

b ¼
Pn

i¼1
Cexp;i

R fexp;i;aexp;if g
� �2

Pn
i¼1

Cexp;i

R fexp;i;aexp;if g
ð2:6Þ

The variance of d is obtained as well, as:

r2d ¼ Var
Cexp

Cdet

� �
ð2:7Þ

with its unbiased estimate being (after b has been fine-tuned):

s2d ¼
Pn

i¼1
Cexp;i

b�R fexp;i;aexp;if g � 1
� �2

n� 2
ð2:8Þ

By replacing Eq. (2.2) into Eq. (2.1), the following relation holds:

C f ; af g ¼ Cdet f ; af g d Xif g
b

ð2:9Þ

Letting:

d Xif g ¼ d Xif g
b

ð2:10Þ
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d Xif g represents the model error to be applied to the fine-tuned deterministic
capacity model. It is characterized by mean ld ¼ 1 and variance:

r2
d
¼ 1

b2
Var

Cexp

Cdet

� �
ð2:11Þ

with its estimate being (after b has been fine-tuned):

s2
d
¼

Pn
i¼1

Cexp;i fexp;i;aexp;if g
b�R fexp;i;aexp;if g � 1

� �2

b2ðn� 2Þ ð2:12Þ

Calibration of Partial Safety Factors Based on Testing

Once the random part has been “adjusted” by means of experiments, a common,
though wrong, further step is to use only the deterministic part to predict the
capacity, with the assumption that its characteristic and design values can be
obtained by plugging in the argument, respectively, characteristic and design val-
ues. Worse usual mistakes regard an arbitrary reduction of b, to obtain a “safer”
estimate. In the following, a rigorous and effective procedure is instead developed,
where the “modeling” part is clearly distinguished from the “safety” part.

The probabilistic capacity model so developed has first-order-approximation
mean and variance given by, respectively:

lC ¼ b � R lf ; la
� � � ld ¼ b � R lf ;la

� � ð2:13Þ

r2C ¼C2
; f lf ; la
� � � r2f þ C2

;a lf ; la
� � � r2a þ C2

;d
lf ; la

� � � r2
d

¼ b2 � R2
; f lf ; la
� � � r2f þ b2 � R2

;a lf ; la
� � � r2a þ b2 � R2 lf ; la

� � � r2
d

ð2:14Þ

where C; f ¼ @C=@f , C;a ¼ @C=@a and C
;d ¼ @C

�
@d are the partial derivatives of

the function C with respect to f , a, and d, respectively, and R; f ¼ @R=@f , R;a ¼
@R=@a and R

;d ¼ @R
�
@d are the partial derivatives of the function R with respect to

f , a, and d, respectively. Also, note that all variables have been assumed as sta-
tistically independent, so that all covariance are zero.

In Eq. (2.14), the first term of the second member represents the intrinsic
(material) uncertainty, the second term represents the parametric (geometry) vari-
ability, and the third term represents the epistemic (model) uncertainty.

Case of limited number of tests
When predicting a limited number of tests n, we can only obtain estimates of

mean and variance of the capacity model, as follows:
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C f ; �a
� � ¼ b � R f ; �a

� � ð2:15Þ

s2C f ; �a
� �

¼ b2 � R2
; f f ; �a
� � � s2f þ b2 � R2

;a f ; �a
� � � s2a þ b2 � R2 f ; �a

� � � s2
d

ð2:16Þ

where:

f ¼
Pn

i¼1 fi
n

; �a ¼
Pn

i¼1 ai
n

ð2:17Þ

s2f ¼
Pn

i¼1 fi � f
	 
2
n� 1

; s2a ¼
Pn

i¼1 ai � �að Þ2
n� 1

ð2:18Þ

and where R;f ¼ @R=@f , R;a ¼ @R=@a and R
;d ¼ @R

�
@d are the partial derivatives

of the function R with respect to f , a, and d, respectively.
Under the hypothesis that C is normally distributed, when we have a limited

number of tests, the characteristic value of the capacity model has a non-central t-
Student distribution with n–1 degrees of freedom and with non-centrality parameter
equal to ua

ffiffiffi
n

p
(notice that, when looking for the characteristic values in a normal

distribution, which is the 5 % fractile, we have: ua ¼ 1:645). An unbiased estimate
(mean) of the characteristic value is (see e.g., Madsen et al. 1986):

Ck f ; �a
� � ¼ C f ; �a

� �� ka;n � sC f ; �a
� � ð2:19Þ

where ka;n is:

ka;n ¼ uaen ¼ ua

ffiffiffiffiffiffiffiffiffiffiffi
n� 1
2

r
C n�1

2

	 

C n

2

	 
 ð2:20Þ

with C the Gamma function. An excellent approximation to the above equation is
here proposed as:

ka;n ¼ uaen ¼ ua
4n� 5
4n� 6

¼ ua
n� 1:25
n� 1:50

ð2:21Þ

For the purpose of the following developments, it is expedient to rewrite
Eq. (2.19) as:

Ck f ; �a
� � ¼ C f ; �a

� �� uaen � sC f ; �a
� � ð2:22Þ

where en becomes a sort of “scaling” coefficient of the capacity axis, easily
determined for practical purposes as function of the number n of tests performed as:
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en ¼ n� 1:25
n� 1:50

ð2:23Þ

Having determined the characteristic value of the capacity model, the next step is
the determination of its design value. This is given as:

Cd f ; �a
� � ¼ Ck f ; �a

� �
cC

¼ C f ; �a
� �� uaen � sC f ; �a

� �
cC

ð2:24Þ

where the safety factor cC is to be calibrated by considering that the design value is
found as:

Cd f ; �a
� � ¼ C f ; �a

� �� bLSaCen � sC f ; �a
� � ð2:25Þ

where it should be noted that the axis has been scaled by means of the same
coefficient en to account for the limited amount of tests; in the above equation, bLS is
the safety index associated to the acceptable exceeding probability of the consid-
ered Limit State in a given time period, and aC is the FORM sensitivity coefficient
associated to capacity variables.

Thus, the safety factor is found as:

cC ¼ Ck f ; �a
� �

Cd f ; �a
� � ¼ C f ; �a

� �� uaen � sC f ; �a
� �

C f ; �a
� �� bLSaCen � sC f ; �a

� � ð2:26Þ

This is the factor that, once applied to the characteristic value Ck f ; �a
� �

, gives the
design value of the capacity model, Cd f ; �a

� �
. Notice that there is an explicit

dependence of the safety factor on the number of tests performed.
The above procedure needs now to be applied to the format adopted in Eurocode

0 (EN 1990) for all capacity equations, which reads as follows:

Cd;EC0 fd ; �af g ¼ 1
cRd

b � R fd ; �af g ¼ 1
cRd

b � R fk
cm

; �a

� 
ð2:27Þ

According to the Eurocode philosophy, safety factors are divided into “internal”
ones, such as the different cm’s, applied to material properties, and an “external”
one, such as cRd , applied to the capacity model. The former are meant to cover the
intrinsic uncertainties in the material properties, while the latter deals with epistemic
uncertainties related to the model. This format allows calibrating cRd separately
from the cm’s, which may as well be taken as those already given in the code.

Thus, we should impose:

Cd;EC0 fd; �af g ¼ Cd f ; �a
� � ð2:28Þ
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1
cRd

b � R fk
cm

; �a

� 
¼ C f ; �a

� �� bLSaCen � sC f ; �a
� � ð2:29Þ

1
cRd

R
fk
cm

; �a

� 

¼ R f ; �a
� �� bLSaCen

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
;f f ; �a
� � � s2f þ R2

;a f ; �a
� � � s2a þ R2 f ; �a

� � � s2
d

q ð2:30Þ

Finally, the sought general expression for the “external” safety factor accounting
for the number of tests performed is found as:

cRd ¼
R fk

cm
; �a

n o
R f ; �a
� �� bLSaCen

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
;f f ; �a
� � � s2f þ R2

;a f ; �a
� � � s2a þ R2 f ; �a

� � � s2
d

q ð2:31Þ

Notice that the safety factor depends on the number of tests performed through:
en, �f , �a, s2f , s

2
a, and s2d, where the latter also contains the “ignorance” coefficient b,

which represents a measure of the prediction capability of the capacity equation.
The above equation can be used to calibrate the “external” safety factor of any

capacity equation, with a known functional form Rf�g, and with the “internal”
safety factors already provided by the relevant code.

Also notice that, when dealing with quality-controlled materials, such as steel,
one may replace the sample estimates �f and s2f with the corresponding population

parameters lf and r2f , so that the characteristic value of the material property may
also be found as: fk ¼ lf � 1:645rf . In this case, by knowing the coefficient of
variation Vf , mean and variance can be easily found from the characteristic value as:

lf ¼
fk

1� 1:645Vf
ð2:32Þ

r2
f ¼

Vf fk
1� 1:645Vf

� �2

ð2:33Þ

The safety factor then becomes:

cRd ¼
R fk

cm
; �a

n o
R lf ; �a
� �� bLSaCen

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
;f lf ; �a
� � � r2

f þ R2
;a lf ; �a
� � � s2a þ R2 lf ; �a

� � � s2
d

q
ð2:34Þ
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Therefore, the design capacity is:

Rd
fk
cm

; �a

� 
¼ 1

cRd
b � R fk

cm
; �a

� 
ð2:35Þ

Application 1—End Debonding

In this section, an application of the design by testing procedure is shown for the
assessment of a design formulation to predict the end debonding load in Reinforced
Concrete (RC) members strengthened with FRP Externally Bonded Reinforcement
(EBR). Indeed, the high performances of FRP materials often cannot be properly
exploited, since a typical failure is the debonding of the external reinforcement,
namely the loss of bond at the concrete/FRP interface. This makes the bond strength
at the interface a key issue in the strengthening design procedure. Usually deb-
onding occurs within a thin layer of concrete and is related to its very low strength.

Several theoretical formulations have been proposed by researchers and inter-
national codes to predict the maximum stress in the FRP reinforcement when the
end (Chen and Teng 2001; fib bulletin 2001; CNR-DT 200 2004; Smith and Teng
2002) or the intermediate debonding (Teng et al. 2003) occurs. Most of these
formulations, characterized by similar structures, are calibrated by numerical factors
based on experimental results.

Even though the assessment of models for bond strength has been widely dealt
with by various researchers, the definition of safety factors to calculate design values
is still an open item. Thus, detailed statistical analyses have been performed using a
wide experimental database of bond tests in order to calibrate a bond strength model
based on the fracture energy approach. The final proposed strength model is similar
to other well-known models suggested in the literature and codes, but it is based on a
detailed and consistent statistical analysis according to the ‘design by testing’ pro-
cedure suggested in the Eurocode 0 (Monti et al. 2009; Bilotta et al. 2011a; Monti
and Petrone 2014). Different corrective factors allow both mean and characteristic
values of debonding load to be predicted in order to follow a limit state design
approach and associate a structural safety to the chosen model.

The approach to calculate the bond strength based on the fracture energy at the
FRP-to-concrete interface has been summarized.

In order to develop statistical analyses, the experimental debonding loads of
several bond tests have been collected and compared with three well-known rela-
tionships providing the end-debonding load in order to assess their reliability. Then,
the same data have been used to assess a new relationship for the
end-debonding-load according to the ‘design by testing’ procedure. In particular,
numerical factors for both mean and percentiles provisions have been calibrated in
order to furnish design provisions.
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Moreover, the preformed and cured in situ EBR FRP systems have been dis-
tinguished to better exploit the performance of the latter ones.

Theoretical Formulations of Debonding Load

The maximum tensile force, Fmax, at debonding in an FRP external reinforcement
characterized by an infinite bonded length can be calculated as:

Fmax ¼ bf

Z 1

0
sb xð Þdx ð2:36Þ

being τb(x) the bond shear stress distribution along the concrete-FRP interface and
bf the width of the FRP reinforcement.

Moreover, the fracture energy corresponding to a generic bond shear stress-slip
law, τb(s), can be expressed as:

CF ¼
Z 1

0
sb sð Þds ½F=L� ð2:37Þ

This expression has the meaning of energy [FL] for unit surface [L2].
Moreover, under the hypothesis that the concrete member has a stiffness much

larger than the reinforcement, at the section in which the maximum stress, σf,max, is
applied, the following relationship can be written:

Z
Af

1
2
� rf � ef dA ¼ bf �

Z 1

0
sbðsÞds ð2:38Þ

This expression assumes the equality of the energy [F L] for unit length [L]
associated to the tensile stress at the FRP section (area Af = bf tf) with the fracture
energy [F L] for unit length [L] developed at the FRP-concrete interface.
Furthermore, assuming constant stresses along the FRP reinforcement section and a
linear-elastic stress-strain relationship, Eq. (2.38) can be written as follows:

r2
f

2 � Ef
� tf � bf ¼ bf � CF

rf � tf � bf
	 
2

2 � Ef
� ¼ b2f � tf � CF ð2:39Þ

that gives the expression:

Fmax ¼ bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � CF

p ð2:40Þ

where tf, bf, Ef are the thickness, the width, and the Young’s modulus of the FRP
reinforcement.
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The fracture energy, ΓF, depends on both the strength properties of adherents,
concrete, and adhesive, and the characteristics of the concrete surface. If the FRP
reinforcement is correctly applied, the debonding occurs in the concrete and the
specific fracture energy of the interface law can be written in a form similar to that
used for the shear fracture (Mode I). Therefore, the fracture energy can be expressed
as a function of the concrete shear strength: ΓF(τb,max), where τb,max depends on both
tensile and compressive concrete strength.

In most formulations, the fracture energy depends directly on the concrete tensile
strength and on a shape factor that is function of the FRP-to-concrete width ratio
(bf / bc). The formulations proposed by Neubauer and Rostasy (1997) and Lu et al.
(2005), e.g., are:

Gf ¼ 0:204 � k2b � fctm ð2:41Þ

Gf ¼ 0:308 � b2w �
ffiffiffiffiffiffiffi
fctm

p
ð2:42Þ

being fctm the mean tensile strength of concrete, kb and βw the shape factors defined
as:

kb ¼ 1:06

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =bc
1þ bf =400

s
; bw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =bc
1þ bf =bc

s
ð2:43Þ

Based on formulations of fracture energy similar to Eqs. (2.41) and (2.42) and on
experimental results of bond tests, several theoretical formulations to evaluate the
bond strength have been proposed in the past (Taljsten 1994; Neubauer and Rostasy
1997; Brosens and Van Gemert 1997; fib bulletin 2001; Chen and Teng 2001;
Smith and Teng 2002; CNR-DT 200 2004). These expressions allow for predicting
the end debonding load. In some cases, the same expressions are suitably modified
by changing some factors in order to predict the intermediate crack debonding load
in RC beams (Teng et al. 2003; Chen et al. 2006; CNR-DT 200 2004). The lay-out
of these formulations is often similar, while the numerical coefficients calibrated on
experimental results are different. Moreover, the safety factors, which are needed in
order to calculate design provisions as part of the Limit State approach, are not
always considered. This last point is an important issue, if a safety level (mean,
characteristic or design) has to be associated to the provision.

The theoretical approaches suggested by fib bulletin 14 (2001), Chen and Teng
(2001), CNR-DT 200 (2004) are considered. In particular, the bond strength
expressed in terms of maximum tensile load in the FRP reinforcement, Nf,max, and
the effective length, Le, which is the minimum length required to full transfer the
load, are defined as follows by the three approaches:
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(1) fib bulletin 14 (2001):

Nf ;max ¼ a � c1 � kc � kb � bf � bL �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf � fctm

p
; Le ¼

ffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
2fctm

s

bL ¼ Lb
Le

� 2� Lb
Le

� �
if Lb � Le; bL ¼ 1 otherwise;

bf
b

� 0:33

ð2:44Þ

where bf, tf, Ef, Lb are width, thickness, Young’s modulus and bonded length of the
FRP reinforcement, bc is the width of the concrete element, fctm is the mean tensile
strength of concrete, c1 = 0.64 and c2 = 2 are coefficients related to an experimental
calibration of the fracture energy (Neubauer and Rostasy 1997), α = 0.9 is a
reduction factor to account for the influence of inclined cracks on the bond strength,
and kc takes into account the state of compaction of concrete and usually is assumed
equal to 1.00, or 0.67 for FRP bonded to concrete faces with low compaction.
Finally, the shape factor kb is given by Eq. (2.43).

(2) Chen and Teng (2001):

Nf ;max ¼ a � bw � bL � bf � Le �
ffiffiffiffi
f 0c

p
; Le ¼

ffiffiffiffiffiffiffiffiffiffiffi
Ef � tfffiffiffiffi

f 0c
p

s

bL ¼ sin
pLb
2Le

if Lb � Le; bL ¼ 1 otherwise

ð2:45Þ

f’c being the mean cylindrical compressive strength of concrete and α a coefficient
equal to 0.427 or 0.315 to calculate a mean or a design provision, respectively. The
shape factor βw is given by Eq. (2.43). Note that the debonding strain values of
Eq. (2.45) should be divided by an appropriate safety factor γb = 1.25 for design
purpose, according to suggestion in Sect. 3.4 of Teng et al. (2001).

(3) CNR-DT 200 (2004):

Nf ;max ¼ 1
cf ;d

ffiffiffiffi
cc

p � bL � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kG � kb

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fck � fctm

pq
;

Le ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
2 � fctm

s

kb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =bc
1þ bf =400

s
� 1 bL ¼

Lb
Le

� 2� Lb
Le

� �
if Lb � Le; bL ¼ 1 otherwise

ð2:46Þ

where fck is the characteristic value of the cylindrical compressive strength of
concrete and kG is an experimentally calibrated coefficient, which is 0.064 or 0.03
for mean or design provision, respectively. The shape factor kb is the same given by
Eq. (2.43), except for the coefficient 1.06.
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The safety factor for debonding failure, γf,d, is usually assumed equal to 1.2 or
1.5 (non-controlled or controlled gluing application), while γc is the safety factor for
concrete (equal to 1.5).

Experimental Database

A lot of results have been collected from the technical literature concerning bond
tests on concrete elements externally strengthened with CFRP cured in situ (sheets)
and preformed (plates) systems. Several set-ups (Yao et al. 2005) have been real-
ized by the researchers and each of them can be considered more or less reliable for
the right prediction of the actual loading conditions and, thus, of the end debonding
load in existing elements. Moreover, constructive detailing of specimens can
influence the reliability of these results.

In this application, the only results of push-pull bond shear tests have been
considered to perform the statistical analyses; moreover, the results of cured in situ
and preformed systems have been distinguished in two different groups. In the
push-pull test set-up (see Fig. 2.1) the concrete block is loaded by a pushing force
that is applied at a certain distance, a, from the FRP reinforcement that is loaded in
tension by a pulling action. Several experimental programs have shown that the
push-pull set-up can be simply realized, according to different set-ups (Bilotta et al.
2009b). Such a set-up is less sensitive to construction details and, thus, furnishes
low scattered results in terms of debonding loads. This is the reason for which it is
widely used to predict the bond strength for both shear and flexural strengthening in
RC beams (Yao et al. 2005).

The realization of bond tests where both the FRP reinforcement and the concrete
block are loaded by tension forces (pull-pull scheme) requires special attention in
detailing, especially concerning the symmetry of the reinforcements on the sides of
the concrete specimens (Leone et al. 2009). In these schemes the set-ups are more
sensitive to the geometrical inaccuracies and thus, the repeatability or the variability
of the results can be strongly affected by detailing.

Fig. 2.1 General scheme of an asymmetrical push-pull bond test
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In existing RC element (i.e. in RC beams) the FRP external reinforcement is
usually applied on the tension side, so that the pull-pull scheme seems to replicate
better the actual loading conditions. However, in the push-pull scheme, suitable
values of the distance a (see Fig. 2.1) ensure the development of a bond failure at
the concrete-FRP interface, similarly to what occurs in pull-pull scheme. On the
contrary, for low values of a, the compressive stresses induced by the pushing force
can limit the volume of concrete involved in the failure mechanism and, thus,
furnish safe values of debonding load due to smaller values of fracture energy (see
Eq. 2.40).

The results of specimens with bonded length, width and Young’s modulus of the
FRP reinforcement lower than 75 mm, 25 mm, and 80 GPa, respectively, were not
considered.

For specimens strengthened with FRP sheets (Aiello and Leone 2005; Yao et al.
2005; Bilotta et al. 2009a; Ceroni and Pecce 2010; Lu et al. 2005; McSweeney and
Lopez 2005; Takeo et al. 1997; Travassos et al. 2005; Ueda et al.1999; Wu et al.
2001; Zhao et al. 2000) the main parameters (see Fig. 2.1 for the geometrical
parameters) vary in the following ranges: concrete width bc = 100–500 mm, width
of FRP reinforcement bf = 25–100 mm, bf/bc = 0.17–1, thickness of FRP rein-
forcement tf = 0.083–0.507 mm, bonded length of FRP reinforcement Lb = 75–
500 mm, number of layers of FRP reinforcement n = 1–3, Young’s modulus of FRP
reinforcement Ef = 82–390 GPa, mean compressive strength of concrete fcm = 17–
62 MPa, and mean tensile strength of concrete fctm = 1.3–4.3 MPa.

Analogously, for specimens strengthened with FRP plates (Chajes et al. 1996;
Faella et al. 2002; Mazzotti et al. 2009; Nigro et al. 2008; Bilotta et al. 2009a, b,
2011b) the main parameters vary in the following ranges: bc = 150–230 mm,
bf = 25–100 mm, bf/bc = 0.11–0.63, tf = 1.0–1.6 mm, n = 1, Lb = 150–400 mm,
Ef = 108–400 GPa, fcm = 15–53 MPa, and fctm = 1.10–3.8 MPa.

Totally, 216 data of bond tests for sheets and 68 for plates have been collected.

Calibration Procedure

According to the design assisted by testing approach, the random variable δ is
defined as the ratio of the experimental debonding load, Nexp, to the theoretical one
representing the strength model, Nth:

di ¼ Nexp;i

Nth;i
ð2:47Þ

The mean value, the variance, the standard deviation and the CoV of this variable
are defined as:
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d ¼ 1
n

Xn
i¼1

di; s2d ¼
1

n� 1

Xn
i¼1

ðdi � dÞ2; rd ¼
ffiffiffiffi
s2d

q
; CoV ¼ rd

d
ð2:48Þ

The strength model expressed by Nth should be fine-tuned by a least-square
coefficient, which minimizes the difference between each theoretical, Nth,i, and
experimental, Nexp,i, value. Usually, this can be simply carried out considering the
regression line of the graph Nth,i – Nexp,i. The slope of this line intercepting the
origin furnishes the least-square coefficient, km.

Then, the random variable δm is defined as the ratio of the experimental deb-
onding load Nexp, to the theoretical one, Nth, adjusted by means of the fine-tuning
parameter, km:

dm;i ¼ Nexp;i

km � Nth;i
ð2:49Þ

Mean value, variance, standard deviation and CoV of δm are defined as:

dm ¼ 1
n

Xn
i¼1

dm;i ¼ 1
n

Xn
1¼1

Nexp;i

km � Nth;i
¼ d

km

s2dm ¼ 1
n� 1

Xn
i¼1

ðdm;i � dmÞ2 ¼ 1
n� 1

Xn
i¼1

Nexp;i

km � Nth;i
� d
km

� �
¼ s2d

km

ð2:50Þ

Thus, the mean provision for the debonding load can be assumed as:

Nth;m ¼ km � dm � Nth ð2:51Þ

In Eq. (2.51) the model error is represented by the mean value of the variable δm,
which is not 1, because the regression line was forced to intercept the origin.

In the Limit State approach, any strength is assumed as a random variable and, in
general, the 0.05 percentile (named ‘characteristic value’) of its frequency distri-
bution is used for design purposes. A very suitable distribution is the Gaussian one,
but to use it the check of the normality hypothesis of the random variable is
required. Several statistical tests (Shapiro-Wilk, Anderson-Darling,
Martinez-Iglewicz, Kolmogorov-Smirnov, D’Agostino skewness, D’Agostino
kurtosis, D’Agostino omnibus) can be performed (Mood et al. 1974; Shapiro and
Wilk 1965) to verify the normality or log-normality hypothesis of the experimental
distributions.

If the debonding load is assumed as a random variable and the Young’s modulus
of the FRP reinforcement, the tensile and compressive strength of concrete are
assumed as the only parameters influencing the bond strength, the general
expression of the strength model adjusted by the fine-tuning coefficient, km, is:
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Nth;m ¼ Nth;m ðEf ; fcm;fctm; dm; kmÞ ð2:52Þ

Moreover, under the hypothesis of Gaussian distribution, the 0.05 percentile of
the variable debonding load can be calculated as:

Nth;k;0:05 ¼ Nth;m � 1:64 � VarðNth;mÞ
� � 0:5 ð2:53Þ

where the variance of Nth,m can be expressed as:

Var Nth;m
	 
 ¼C2

Efm � Var Efð Þ þ C2
fcm � Var fcmð Þ þ C2

fctm � Var fctmð Þ
þ C2

dm � Var dmð Þ
ð2:54Þ

CEfm ¼ @Nth;m

@Ef

����
����
Ef

; Cfcm ¼ @Nth;m

@fcm

����
����
fcm

; Cfctm ¼ @Nth;m

@fctm

����
����
fctm

; Cfctm ¼ @Nth;m

@dm

����
����
dm

ð2:55Þ

If Eqs. (2.54) and (2.55) are substituted in the Eq. (2.53), the 0.05 percentile of
the debonding load becomes:

Nth;k;0:05

¼ Nth;m � 1:64 � Nth;m � a � CoV2
Ef
þ b � CoV2

fcm þ c � CoV2
fctm þ CoV2

dm

h i
0:5

ð2:56Þ

where the coefficients a, b, c depend on the functional relation of Nth from the
parameters Ef, fcm and fctm. The CoVs are defined for each parameter as the ratio of
its mean value to the standard deviation:

CoVEf ¼
Ef

sEf

; CoVfctm ¼ fctm
sfctm

; CoVfcm ¼ fcm
sfcm

; CoVdm ¼ dm
sdm

ð2:57Þ

Note that the standard deviations of Ef, fcm, and fctm have been assessed
according to some literature information:

sEf ¼ 0:05 � Ef ; sfctm ¼ 0:183 � fctm; sfcm ¼ 4:88 ð2:58Þ

Clearly, the coefficient of variation of the variable δm, CoVδm, depends on the
data distribution. Equation (2.56) can be written as:

Nth;k;0:05 ¼ kk � Nth ð2:59Þ
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kk;0:05 ¼ km � dm � 1� 1:64 � a � CoV2
Ef
þ b � CoV2

fcm þ c � CoV2
fctm þ CoV2

dm

h i
0:5

� �
ð2:60Þ

If the coefficients of variation of the materials are neglected, Eq. (2.60) becomes
the well-known following one:

Nth;k;0:05 ¼ Nth � dm � km � 1� 1:64 � CoVdmð Þ ¼ Nth � km � dm � 1:64 � sdm
	 
 ð2:61Þ

However, in this application all coefficients of variation have been taken into
account. The percentiles 0.05 (characteristic values) are usually divided to safety
factors, which take into account the model uncertainness (EN1990—Annex D).
Furthermore, percentiles lower than 0.05 can be obtained by replacing in the
Eq. (2.56) the coefficient 1.64 with the coefficients 2.58 and 3.08 corresponding to
the 0.005 and 0.001 percentiles, respectively. These lower percentiles can be used
as alternative to the characteristic values divided to the safety factors.

Application to the Experimental Database

The general Eq. (2.52) for debonding load can be particularized by introducing the
dependence on the bond shear strength. Indeed, the bond shear strength depends on
the concrete strength and can be related to the circle of Mohr representing the stress
condition in the concrete at failure. Thus, different formulations for shear strength
have been considered varying the dependence on the concrete strength. In partic-
ular, the following five expressions for the debonding load are examined:

Case 1: Nth ¼ bL � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � kb �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

pq
ð2:62Þ

Case 2: Nth ¼ bL � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � kb � f 2=3cm

q
ð2:63Þ

Case 3: Nth ¼ bL � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � kb � f 0:6cm

q
ð2:64Þ

Case 4: Nth ¼ bL � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � kb � fcm � fctm

fcm þ fctm

s
ð2:65Þ

Case 5: Nth ¼ bL � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � kb � 0:9 � fctm

p ð2:66Þ

In the Eq. (2.62), if a Coulomb failure criterion is adopted, the term
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

p
is

2 times the cohesion associated to the Mohr circle of an interface concrete element
subjected to both shear and normal (peeling) stresses. The presence of peeling
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stresses has been often experimentally evidenced by the visual inspection of the
debonded surface configuration (Mazzotti et al. 2008). Thus, Case 1 reproduces
better the actual physical phenomenon, because it takes into account both the
presence of shear and normal interfacial stresses.

Moreover, in Eq. (2.63) the term f 2=3cm is a simplification of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

p
, if the

concrete tensile strength is calculated by the Eq. (2.47).
Analogously in Eq. (2.65), the term fcm�fctm

fcmþfctm
is the maximum shear stress com-

patible with the strength fcm and fctm in an interface concrete element subjected to
only shear stresses (the Mohr circle has centre in the axis origin in this case).

In Eq. (2.66), the term 0.9 · fctm is a simplification of the term fcm�fctm
fcmþfctm

under the
assumption that the compressive strength is about 10 times the tensile one.

Finally in Eq. (2.64), the term f 0:6cm is a further modification of 0.9 · fctm according
to the expression for the concrete tensile strength given by Model Code 90.

fctm ¼ 0:32 � f 0:6cm ð2:67Þ

For all cases the mean and the characteristic provisions of debonding load can be
calculated using the previously introduced Eqs. (2.51) and (2.59):

Nth;m ¼ km � dm � Nth ð2:68Þ

Nth;k;0:05 ¼ kk;0:05 � Nth ð2:69Þ

where km is the least square coefficient associated to the regression line intercepting
the origin, dm is given by Eq. (2.16), and kk,0.05 is given by Eq. (2.60).

For each equation, the best fitting coefficient km has been calculated considering
the experimental results distinguished in two series: sheets and plates.

In Table 2.1 the coefficient km and the R2 value of the corresponding least-square
line, which is a measure of the reliability of the regression, are reported for all the

Table 2.1 Statistical data for different bond strength models

Case FRP type km R2
dm CoVdm (%) km � dm kk,0.05 kk,0.005 kk,0.001

1 Sheet 0.270 0.855 1.027 17.7 0.278 0.192 0.143 0.117

Laminate 0.236 0.349 1.064 23.2 0.251 0.152 0.095 0.064

2 Sheet 0.258 0.878 1.010 17.6 0.261 0.182 0.137 0.112

Laminate 0.221 0.534 1.034 20.4 0.229 0.149 0.103 0.078

3 Sheet 0.291 0.881 1.006 17.7 0.293 0.204 0.154 0.126

Laminate 0.248 0.565 1.030 20.0 0.255 0.169 0.119 0.092

4 Sheet 0.535 0.862 1.022 17.6 0.547 0.370 0.269 0.214

Laminate 0.466 0.375 1.060 23.0 0.496 0.294 0.180 0.118

5 Sheet 0.544 0.863 1.021 17.5 0.555 0.375 0.270 0.213

Laminate 0.473 0.379 1.059 22.9 0.502 0.297 0.180 0.117
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equations. The mean value of the variable δm, defined by Eqs. (2.50) and (2.51), and
its CoV are reported too. In all cases the CoV, which is a measure of the model
significance, is lower than the threshold value of 40 % (Monti et al. 2009), so that
all the models can be considered reliable. However, it can be observed that, while
for the sheets the R2 value is low sensitive to the model and is quite elevated
(0.855–0.881), on the contrary for the plates the choice of the model can be sig-
nificant considering that R2 varies in the range 0.349–0.565. Despite their better
quality control in factory, the preformed FRP systems present a higher CoV and a
smaller R2 value with respect to the in situ sheets. This is justifiable by the larger
sensitivity of this system to the detailing of the experimental procedure. Indeed,
increasing the stiffness of the FRP system results in more inaccuracies of the
experimental set-up, which can influence the debonding load.

In particular, Case 3 results the best-fitting model because of the highest value of
R2; this relationship depends on the compressive strength of concrete with an
exponent 0.6. Note that for design aim, the choice of the best-fitting model has the
clear advantage to furnish characteristic values more close to the mean ones,
because the theoretical loads show a smaller gap with the experimental results.

In Table 2.1 the coefficients kk to calculate different percentiles (5, 0.5, and
0.1 %) are reported too. The coefficients km � dm, which allow for calculating the
mean provisions, differ of about 12–15 % for the sheets and the plates. The factors
kk,0.05, which allow for calculating the 0.05 percentiles, differ of about 17–21 %.

The general Eq. (2.52) for the mean provision for the best-fitting model (Case 3)
is:

Nth;m ¼ km � dm � bL � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � kb � f 0:6cm

q
ð2:70Þ

The corresponding 0.05 percentile provision given by Eqs. (2.56) and (2.60) is:

Nth;k;0:05 ¼ Nth;m � 1:64 � Nth;m � 0:52 � CoV2
Ef
þ 3=10ð Þ2�CoV2

fcm þ CoV2
dm

h i
0:5

¼ kk � Nth ð2:71Þ

kk;0:05 ¼ km � dm � 1� 1:64 � 0:52 � CoV2
Ef
þ 3=10ð Þ2�CoV2

fcm þ CoV2
dm

h i
0:5

h i
ð2:72Þ

CEfm ¼ @Nth;m

@Ef

����
����
Ef

¼ Nth;m � 0:5
Ef

;

C2
Efm � Var Efð Þ ¼ N2

th;m � 0:5
2

E2
f

� VarðEf Þ ¼ N2
th;m � 0:52 � CoV2

Ef

ð2:73Þ
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Cfcm ¼ @Nth;m

@fcm

����
����
fcm

¼ Nth;m � 3=10
fcm

;

C2
fcm � Var fcmð Þ ¼ N2

th;m � ð3=10Þ
2

f 2cm
� VarðfcmÞ ¼ N2

th;m � ð3=10Þ2 � CoV2
fcm

ð2:74Þ

Cfctm ¼ @Nth;m

@dm

����
����
dm

¼ Nth;m

dm
;

C2
dm � Var dmð Þ ¼ N2

th;m � VarðdmÞ
dm

¼; N2
th;m � CoV2dm

ð2:75Þ

Cfctm ¼ @Nth;m

@fctm

����
����
fctm

¼ 0 ð2:76Þ

The last term related to the tensile strength of concrete, fctm, is clearly absent,
because the debonding load in Eq. (2.64) depends only on the compressive strength.

However, as it occurs for all other cases, the variance of the materials is less
significant compared with the variance of the model. Indeed, for the cured in situ
systems the coefficient of variation of the variable δm is:

CoVdm ¼ dm
sdm

¼ 1:006
0:178

¼ 0:177 ! CoV2
dm ¼ 0:031 ð2:77Þ

By contrast, the contributes related to the CoVs of the materials are:

0:52 � CoV2
Ef
þ 3=10ð Þ2�CoV2

fcm ¼ 0:0026 � 0:003 � 0:1 � CoV2
dm

In Fig. 2.2 the experimental debonding loads are compared with the theoretical
ones given by Case 3—Eq. (2.64); the regression line intercepting the origin of axis
is reported too. Figure 2.2a refers to the cured in situ systems and Fig. 2.2b to the
preformed ones.

In Fig. 2.3 the experimental values of strain in the FRP reinforcement at deb-
onding are plotted together with the mean and characteristic provisions given by
Eq. (2.64) using the values of km and kk, for the three percentiles 5, 0.5, and 0.1 %,
listed in Table 2.1. The characteristic provision (5 % percentile) divided to the
safety factor γf = 1.2 (related to good application conditions, according to CNR-DT
200 2004) is plotted too.

Both theoretical and experimental strains are plotted vs. the term Ef � tf
�
2 � Cf ,

assuming Cf ¼ kb � f 0:6cm according to Eq. (2.64). This allows for graphing the the-
oretical curves normalized to the axial stiffness of the FRP reinforcement and the
concrete strength.

The theoretical curves show that the 0.5 % percentile can be a good choice to
warrant a reliable safety level to the aim of furnish design provisions. Note that the

2 Design by Testing and Statistical Determination … 23



assessment of the percentiles has been carried out taking into account the variance
of the materials.

Another possibility, which is adopted by the Italian guidelines (CNR–DT 200
2004) and, more in general, is included in the Eurocode approach, consists into
divide the characteristic provision (5 % percentile) to a safety factor γf that depends
on the quality of the application. Figure 2.3 shows that the provisions corre-
sponding to the 5 % percentile divided to the factor γf = 1.2 are, however, less safe
than the 0.5 % percentile.

It should be noted that the percentiles provisions were calculated under the
hypothesis of Gaussian distribution. Some statistical tests (Shapiro-Wilk,
Anderson-Darling, Martinez-Iglewicz, Kolmogorov-Smirnov, D’Agostino skew-
ness, D’Agostino kurtosis, D’Agostino omnibus) were performed to verify this
assumption but the comparison between the cumulate frequency curves of Nexp and
the Gaussian distribution, having the same mean value and standard deviation,
highlighted a bad agreement, especially for the cured in situ sheets. This was
confirmed also by the responses of the statistical tests, which in most cases rejected
the normality assumption for sheets and accepted it for plates. For the sheets, the
experimental debonding loads seemed better represented by a log-normal
distribution.
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Fig. 2.2 Regression line: a cured in situ systems: 216 data; b preformed systems: 68 data
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However, the values of percentiles calculated under the hypothesis of log-normal
distributions are larger than the ones reported in Table 2.1 (Gaussian distribution).
Thus, the normal distribution can be considered safe to the aim of furnishing design
provisions.

Finally, in Tables 2.2 and 2.3 the mean value, the standard deviation, and the
CoV of the ratio Nth/Nexp are reported for both cured in situ (sheets) and preformed
systems (plates).

The theoretical values Nth given by the new proposal refer to both mean
(Eq. 2.34) and characteristic provisions (Eq. 2.35); in particular the percentiles 0.05
and 0.005 have been considered. The characteristic provision (5 % percentile)
divided to γf = 1.2 is reported too. Finally, the design provisions of CNR-DT 200
(2004), Teng et al. (2001) are also listed. The characteristic provisions were divided
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Fig. 2.3 Experimental versus theoretical failure strains: a cured in situ systems (216 data);
b preformed systems (68 data)
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to the safety factors: γf = 1.2 and
ffiffiffiffi
cc

p ¼ ffiffiffiffiffiffiffi
1:5

p
for CNR-DT 200 2004; γb = 1.25 for

Teng et al. 2001.
The results of Tables 2.2 and 2.3 show that the mean ratio Nth,m/Nexp is

approximately 1 for both systems. The mean value of Nth,k,0.05/Nexp for the sheets is
slightly larger than the ones given by Eqs. (2.46) and (2.45): 0.72 versus 0.63 and
0.67 respectively (see Table 2.1).

By contrast, for plates, the mean value of Nth,0.05/Nexp is slightly lower than the
one given by Eq. (2.46) (0.68 vs. 0.70, see Table 2.1) and sensibly lower than the
one given by Eq. (2.45) (0.68 vs. 0.79, see Table 2.1). However, these differences
relate to mean values of the ratio Nth/Nexp and, thus, can be misleading to compare
the predictions of different models. In contrast, the curves of Fig. 2.4, where
experimental and theoretical debonding strains of the only FRP sheets are plotted

Table 2.2 Values of the ratio Nth/Nexp for cured in situ FRP systems (216 results)

Nth/Nexp New calibration Design

Nth,m Nth,k,0.05 Nth,k,0.05/1.2 Nth,k,0.005 CNR DT 200
(2004)

Teng et al.
(2001)

Mean 1.03 0.72 0.60 0.54 0.43 0.54

St. dev. 0.173 0.121 0.101 0.091 0.083 0.08

CoV (%) 16.8 16.8 16.8 16.8 19.4 15.7

Table 2.3 Values of the ratio Nth/Nexp for preformed FRP systems (68 results)

Nth/Nexp New calibration Design

Nth,m Nth,

k,0.05

Nth,k,0.05/
1.2

Nth,

k,0.005

CNR DT 200
(2004)

Teng et al.
(2001)

Mean 1.03 0.68 0.57 0.48 0.47 0.63

St. dev. 0.20 0.13 0.11 0.09 0.12 0.120

CoV (%) 19.1 19.1 19.1 19.1 25.1 19.1
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Fig. 2.4 Experimental maximum strain versus mean and 0.05 percentile provisions for sheets
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vs. the parameter Ef · tf, show the actual variations between the different formu-
lations examined. Since the theoretical strain depends on the concrete strength, a
range of variability for this parameter has been fixed (24–30 MPa that corresponds
to a mean value of about 27 MPa). The mean and characteristic (5 % percentile)
provisions (Nth,k,0.05) given by the new formulation, by (CNR-DT 200 2004) and by
(Chen and Teng 2001) are plotted in the graph. In particular, both mean and
characteristic provisions (5 % percentile) given by the new formulation are larger
than the predictions of (Chen and Teng 2001) and (CNR-DT 200 2004). Moreover,
the formulation of (CNR-DT-200 2004) gives the most safe results in terms of 5 %
percentile, while furnishes mean predictions very similar to (Chen and Teng 2001).
Furthermore, it can be observed that the formulation of (fib bulletin 14 2001), lies
between the mean and the characteristic curves given by the new formulation.

In Fig. 2.5 several design proposals coming from the new formulation (0.01, 0.5,
and 5 % percentile divided to γf = 1.2), the model offib bulletin 14 (2001), the design
provisions of CNR-DT 200 (2004) and Teng et al. (2001) are plotted together with the
experimental debonding strains of the same tests considered in Fig. 2.4.

For the sheets, the graph of Fig. 2.5a shows that two design proposals coming from
the new formulation (5 % percentile divided to 1.2 and 0.5 % percentile) are less safe
than the ones currently furnished by CNR-DT 200 (2004). Note that the latter
introduces the additionally safety factor of concrete,

ffiffiffiffi
cc

p
, for design. This coefficient

has been omitted in the new formulation because the variance of the concrete has been
taken into account in the calibration procedure by means of the CoV of its com-
pressive strength (see Eq. 2.72). Moreover, it can be observed that, the current design
values of CNR-DT 200 (2004) are comparable with the 0.1% percentile provisions of
the new formulation. By contrast, the design formulation of Teng et al. (2001) is
comparable with the 0.5 % percentile of the new formulation. Finally for the cured
in situ systems, if the 0.5 % percentile of the new formulation is chosen as design
provision, the debonding load increases of about +25 % compared with the current
CNR provisions and is comparable with the design values of Teng et al. (2001).

On the contrary, in case of plates, Fig. 2.5b shows that the 0.5 % percentile of
the new formulation is comparable with those currently furnished by CNR-DT 200
(2004), while the 5 % percentile divided to 1.2 is less safe (about 15 %). Moreover,
the design formulation of Teng et al. (2001) is less safe compared with both the 5 %
percentile of the new formulation divided to 1.2 and the 0.5 % one.

In conclusion, the proposed formulation for the end debonding load has a clear
statistical meaning and allows for separating the provisions for the cured in situ
FRP systems and the preformed ones. This distinction is mainly due to the larger
scatter of the experimental results collected for this strengthening system.

Both aspects let to better exploit the strength of the cured in situ systems; indeed
the 0.05 % percentile values of the new formulation are larger than the design
values furnished by the current Italian Guidelines and, however, allow for assessing
the same safety level of model of Teng et al. (2001). Moreover, it is worth noticing
that the formulation of fib Bulletin 14 (2001) results excessively unsafe compared to
the experimental results.
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By contrast, the approach of Teng et al. (2001) and fib Bulletin 14 (2001) are
found to be less safe when applied to preformed systems. Moreover, the 0.5 %
percentile of the proposed design formulation provides a higher safety level com-
pared with these models, while is similar to the current design provisions of
CNR-DT 200 (2004). Thus, these results confirm that the distinction of the two
strengthening systems seem to be reliable in predicting the debonding load.

Application 2—Intermediate Debonding

In this section the procedure is used to calibrate a design relationship for inter-
mediate debonding on a wide database assembled by collecting data of experi-
mental tests on FRP-strengthened RC beams.
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Experimental Database

The database was obtained by merging the data considered by Ferracuti et al.
(2007) with those collected by Wu and Niu (2007) and about thirty further
experimental cases reported in the scientific literature (Beber 1999, 2003; Grace
et al. 1999; Khomwan et al. 2004; Pham and Al-Mahaidi 2004; Sharif et al. 1991;
Triantafillou and Plevris 1992). The resulting database collects the geometric and
mechanical data describing the RC beams and their steel and composite rein-
forcement, the latter being made of externally bonded composite laminates based on
carbon, glass or aramid fibers.

For specimens strengthened with FRP systems cured in situ (sheets), the relevant
geometric and mechanical parameters range in the following intervals: concrete
width bc = 75–960 mm, FRP width bf = 30–480 mm, bf/bc = 0.17–1, FRP thickness
tf = 0.11–2.55 mm, Young’s modulus of FRP Ef = 21–390 GPa, mean compressive
strength of concrete fcm = 21–61 MPa, mean tensile strength of concrete fctm = 2.3–
4.3 MPa.

For specimens strengthened with preformed FRP systems (laminates), the key
parameters vary in the following ranges: concrete width bc = 180–800 mm, FRP
width bf = 25–280 mm, bf/bc = 0.13–1, FRP thickness tf = 1.0–6 mm, Young’s
modulus of FRP Ef = 190–220 GPa, mean compressive strength of concrete,
fcm = 12.6–53.4 MPa, mean tensile strength of concrete, fctm = 1.62–4.25 MPa.

A total number of 214 experimental results have been collected (164 FRP cured
in situ systems and 50 FRP preformed system).

Intermediate debonding failure have been observed in all these tests. In principle,
the maximum bending momentMdb observed in the experimental tests at debonding
is smaller than the ultimate one Mu, corresponding to FRP rupture. The following
parameter γ could be introduced for quantifying how premature is failure with
respect to the ultimate flexural strength:

c ¼ Mdb �My

Mu �My
ð2:78Þ

My being the bending moment of the strengthened section at yielding of rebar:
both Mu and My can be determined theoretically adopting the usual assumptions for
RC sections at ULS. The parameter γ is closer to zero as debonding occurs for small
values of the maximum axial strain in FRP; on the contrary, it is close to the unity
as axial strain at debonding is close to the corresponding ultimate value εf,u.
Figure 2.6 points out that the values of γ determined for the beams collected in the
database generally range between zero and one; only in few cases (less than ten out
of the total 214) it is slightly larger than the unity, mainly as a result of hardening of
the materials.

The values of γ have been represented in Fig. 2.6 against the square root of the
ratio between (twice) the fracture energy, GF, and the specific axial stiffness of the
FRP reinforcement, Eftf; the former parameter has been evaluated as a function of
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both concrete tensile, fct, and compressive, fc, strengths through the relation pro-
posed in the Italian Code. The ratio 2GF/Eftf is often considered in various pro-
posals as the key parameter for determining the value of axial strain εdb developed
in FRP at debonding onset. However, Fig. 2.6 can only point out a general trend
resulting in values of γ as large as the parameter represented on the x-axis, but it is
quite hard to recognize a consistent correlation between γ (or, even, the maximum
axial strain εdb developed in FRP at debonding) and the quantity on the x-axis
possibly depending on the two following reasons:

• fracture energy, GF, basically depends on concrete (tensile) strength and, con-
sequently, is widely scattered;

• besides the one reported on the x-axis, other parameters play an important role
on the occurrence and extent of debonding failure.

For instance, the role of both the amount of steel rebar and their yielding
stress/strain values have been emphasized in Faella et al. (2008a). Furthermore,
load distribution also affects the possible premature failure of FRP strengthened
beams as confirmed by Fig. 2.7 showing a strict correlation between the yielding
moment My of the strengthened section and the maximum bending moment at
debonding Mdb at least in the case of three- or four-point-bending, while a com-
pletely different behavior results in the case of uniformly distributed load.

Figure 2.8 shows the distribution of the parameter γ for the experimental results
considered within the database. It points out that such values are quite uniformly
distributed since the cumulative frequency distribution is not so far from the ideally
uniform straight curve, meaning that cases of very premature debonding are con-
sidered within the database as well as other cases whose failure is close to the
complete development of the strength on the external reinforcement.
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Finally, it is worth noting that only the experimental results characterized by
values of γ 2 (0,1) will be considered in the following, as that is a necessary
condition for recognizing the cases of beams failure in intermediate debonding.

Procedure and Application

As already shown in the previous section for the end debonding, the mean value of
the maximum axial strain in FRP corresponding to failure in intermediate
crack-induced debonding (IC debonding strain) can be expressed by means of a
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relationship obtained by a deterministic model and fine-tuned on experimental data
by a numerical coefficient kIC. The assessment of kIC through the design by testing
procedure gives a clear probabilistic meaning to the provisions.

An error function δ can cover the uncertainties of the simplified model con-
sidered in the above mentioned calibration:

efd ¼ efd;m kIC; fc; fct;Ef ; tf ; bf ; kb
	 
 � d ð2:79Þ

The random variable δ is defined, for each ith test, as the ratio of the experi-
mental debonding strain, εexp,i, to the theoretical one, εfd,m evaluated by considering
the geometric and mechanical data characterizing that test:

di ¼ eexp;i
eth;i

ð2:80Þ

Moreover, the mean value, the variance, the standard deviation and the CoV of
this variable are defined as:

d ¼ 1
n

Xn
i¼1

di; s2d ¼
1

n� 1

Xn
i¼1

ðdi � dÞ2; rd ¼
ffiffiffiffi
s2d

q
; CoV ¼ rd

d
ð2:81Þ

By assuming a formulation similar to design Eq. (2.60), taking into account no
safety partial factors the relationship (2.79) can be rewritten as follows:

efd;m kIC; fc; fct;Ef ; tf ; bf ; kb
	 
 ¼ kIC �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � kb �

ffiffiffiffiffiffiffiffiffiffiffi
fc � fct

p
Ef tf

s
ð2:82Þ

The coefficient kIC has been calibrated based on experimental results in terms of
deformation εfd,exp obtained by using the procedure in Faella et al. (2010) as stated
above. The calibration has achieved using a least-square procedure consisting in the
resolution of the following minimum problem:

kIC;m ¼ argmin
kIC

Xn
i¼1

efd;m kIC; f
ðiÞ; f ðiÞct ;E

ðiÞ
f ; tðiÞf ; bðiÞf ; kðiÞb

� �
� eðiÞfd;exp

h i2
ð2:83Þ

Moreover, the mean value of the intermediate debonding strain can be obtained
by a coefficient kIC,m adjusted by means of the mean value of the error parameter d,
being in general d 6¼ 1 because the regression line was imposed to intercept the
origin.

kIC;m ¼ kIC;bf � �d ð2:84Þ

Thus, the mean provision for the intermediate debonding strain can be assumed as:
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eth;m ¼ kIC;m � eth ð2:85Þ

being εth the strain obtained by the deterministic model. Obviously, this strain is
linearly proportional to the debonding strain being the FRP constitutive law linear
elastic.

If the random variable represents strength, its characteristic value is often defined
for design purposes as the 0.05 percentile of the frequency distribution associated to
the examined variable. Gauss distribution is the most generally considered for
describing the errors. The so-called “hypothesis of normal distribution” for the
variable δ should be checked by comparing the experimental curve of the cumu-
lative frequency to the theoretical one corresponding to a Gaussian distribution
having the same mean value and standard deviation (see Fig. 2.9).

Assuming that the Young’s modulus, Ef, of the FRP reinforcement, the concrete
tensile and compressive strength, fctm and fc, are the only mechanical parameters
influencing the value of the maximum axial strain developed in FRP at debonding,
the expressions for the general and calibrated models involving the coefficient kIC,bf
as well as d are:

eth ¼ eth ðEf ; fcm;fctmÞ ð2:86Þ

eth;m ¼ eth;m ðEf ; fcm;fctm; d; kIC;bf Þ ð2:87Þ

In the following, the same assumptions already considered above in defining a
characteristic value for plate end debonding strength are accepted (Bilotta et al.
2011). In particular, both Ef and fc and fct have been assumed as normally and
independently distributed random variables, with the following values of the
coefficients of variation:
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sEf ¼ 0:05 � Ef sfctm ¼ 0:183 � fctm sfcm ¼ 4:88; ð2:88Þ

according to the design relationships provided by EN 1992-1-1 and literature
information (Di Ludovico et al. 2009).

Hence, under the hypothesis of normal distribution for the variable δ, the pro-
vision corresponding to the 0.05 percentile of the Gaussian distribution is:

eth;k ¼ eth;m � 1:64 � Varðeth;mÞ
� � 0:5 ð2:89Þ

where the variance of εth,m can be expressed as:

Var eth;m
	 
 ¼ C2

Efm � Var Efð Þ þ C2
fcm � Var fcmð Þ

þ C2
fctm � Var fctmð Þ þ C2

dm � Var dmð Þ ð2:90Þ

CEfm ¼ @eth;m
@Ef

����
����
Ef

Cfcm ¼ @eth;m
@fcm

����
����
fcm

Cfctm ¼ @eth;m
@fctm

����
����
fctm

Cfctm ¼ @eth;m
@dm

����
����
dm

ð2:91Þ

If Eqs. (2.90) and (2.91) are substituted in Eq. (2.89), the following general
expression is obtained for the characteristic provision of the debonding load:

eth;k ¼ eth;m � 1:64 � eth;m � a � CoV2
Ef
þ b � CoV2

fcm þ c � CoV2
fctm þ CoV2

dm

h i
0:5 ð2:92Þ

where the coefficient a, b, c depend on the functional relationship of Ef, fcm and fctm
in the expression of εth and the coefficients of variation are defined for each
parameter as the ratio of the mean value to its standard deviation:

CoVEf ¼
Ef

sEf

; CoVfctm ¼ fctm
sfctm

; CoVfcm ¼ fcm
sfcm

CoVdm ¼ dm
sdm

; ð2:93Þ

Clearly the coefficient of variation of the variable δm, CoVδm, depends on the
data distribution. Equation (2.92) can be written as:

eth;k ¼ kcr;k � eth ð2:94Þ
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assuming:

kcr;k ¼ kcr;m � 1� 1:64 � a � CoV2
Ef
þ b � CoV2

fcm þ c � CoV2
fctm þ CoV2

dm

h i
0:5

� �
ð2:95Þ

As already stated in the application related to the end-debonding phenomenon,
lower percentiles can be obtained by substituting in Eq. (2.95) the coefficient 1.64,
related to the 0.05 percentile of the frequency distribution, with the coefficients 2.58
and 3.08 corresponding to the 0.005 and 0.001 percentiles, respectively.

The use of percentiles lower than 0.05 can be alternative to the use of safety
factors that usually have to be additionally applied to characteristic provision to take
into account the model uncertainness (EN1990—Annex D).

The following values of the coefficients defined above have been derived by
considering the experimental results in a least-square procedure:

kIC;bf ¼ 0:53; kIC;;m ¼ 0:56; kIC;5% ¼ 0:32 and kIC;0:5% ¼ 0:18: ð2:96Þ

From the coefficients kIC,m and kIC,5% the following coefficients can be easily
defined:

kGm;2 ¼ kIC;m
	 
2¼ 0:32mm

kGk;2 ¼ kIC;k
	 
2¼ 0:10mm

ð2:97Þ

These coefficients provide a clear statistical meaning to the formulation proposed
to assess the intermediate debonding strain.
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Chapter 3
Bond Between EBR FRP and Concrete

Claudio Mazzotti, Antonio Bilotta, Christian Carloni,
Francesca Ceroni, Tommaso D’Antino, Emidio Nigro
and Carlo Pellegrino

Abstract This chapter provides an overview of the debonding process between the
FRP reinforcement and the concrete substrate. The main aspects of the debonding
phenomenon are described and discussed, showing also mechanical interpretation
of different processes. Experimental techniques to study the bond behavior between
FRP and concrete are also described and corresponding available experimental
results are shown to compare performances of different set-ups. Finally, an
extensive description of the existing bond capacity predicting models is reported,
together with the main international Codes provisions, allowing the designer for
operating in common practice.

Keywords FRP � Strengthening � Bond � Concrete

General Aspects

Mechanism of Debonding Failure

Debonding of FRP reinforcement is one of most important failure modes to be
considered in design of strengthening of reinforced concrete structures by means of
composite materials (Teng et al. 2001). Following recent design Codes and
Recommendations (fib 2001; ACI 2008; CNR 2013), anchorage force (bond
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capacity) of FRP sheets attached to the concrete surface is the basis of design rules
for shear strengthening applications, since it determines maximum force that can be
applied to external reinforcement. Moreover, intermediate crack-induced debonding
(Teng et al. 2003) between concrete and external FRP plate/sheet reinforcement
(debonding initiating at flexural cracks along the beam) is the failure mode gov-
erning maximum FRP strain which can be adopted for flexural design. For rein-
forcement with FRP plates, design maximum strain against debonding is usually
significantly smaller than corresponding to composite failure.

When strengthening reinforced concrete members with FRP composites, the role
of bond between concrete and FRP is of great relevance due to the brittleness of the
failure mechanism by debonding (loss of adhesion). According to the capacity
design criterion, such a failure mechanism shall occur prior to flexural or shear
failure of the strengthened member. The loss of adhesion between FRP and con-
crete may concern both laminates or sheets applied to reinforced concrete beams as
flexural and/or shear strengthening. As shown in Fig. 3.1, debonding may take
place within the adhesive, between concrete and adhesive, in concrete itself, or
within the FRP reinforcement (e.g. at the interface between two adjacent layers
bonded each other) with different fibre inclination angles. When proper installation
is performed, because the adhesive strength is typically much higher than the
concrete tensile strength, debonding always takes place within the concrete itself
with removal of a layer of material, whose thickness may range from few milli-
meters to the whole concrete cover.

Debonding failure modes for laminates or sheets used for flexural strengthening
may be classified in the following four categories (Fig. 3.2):

1. Plate/sheet end debonding
2. Intermediate debonding caused by flexural cracks
3. Debonding caused by diagonal shear cracks
4. Debonding caused by irregularities and unevenness of concrete surface

The first two modes are the most frequent in ordinary situations.
The tension in the plate/sheet is transferred to the concrete mainly by shear

stresses in the adhesive. When a limit shear stress (bond strength) is attained,

Concrete

FRP

Adhesive

Cohesive debonding 
in the Concrete

Debonding between 
concrete and adhesive

Debonding in the 
adhesive

Debonding in the 
reinforcement

Fig. 3.1 Debonding mechanisms between FRP and concrete
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debonding starts according to one of previous modes. During the process, a shifting
of the active zone (that able to transfer force) can be observed, which means that
only part of the bonded area is effective. That is, as cracking in the concrete
propagates, bond resistance is gradually lost in the zone near the load, but in the
meantime it is activated farther away from the load. The implication is, then, that
the anchorage force cannot increase with an increase in the bond length, and that the
ultimate tensile strength of a plate may never be reached, no matter how long the
bonded length is. This leads to the important concept of effective bond length,
beyond which any increase in the bond length cannot increase the anchorage
strength. From a mechanical point of view, it can be explained by considering a
local non-linear brittle shear stress-slip relationship showing a post-peak softening
behaviour, as confirmed by a number of experimental tests (Fig. 3.3).

Normal stresses in the FRP reinforcement are mainly transmitted through the
substrate and the adhesive by means of shear stresses applied to its surface, usually
producing Mode II shear condition (Buyukozturk et al. 2004). In fact, only a small
layer of concrete close to the interface is subject to very high shear stresses and
criterion of the maximum release rate requires that fracture propagates along it.
During debonding, the portion of concrete where shear stresses are transmitted is in
fact very small: 3–5 cm depth.

3 4 12

Fig. 3.2 Modes of debonding failure in a beam under flexure and shear

Fig. 3.3 Interface shear
stress-slip local behavior
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Failure mechanism, according to Mohr-Coulomb criterion can be described as
follow: inclined microcracks start locally in Mode I condition in the small super-
ficial layer of concrete because its tensile strength is much lower than that of the
adhesive (see Fig. 3.4). Inclined cracks cannot propagate more than few millimetres
inside the concrete specimen because stresses decrease very rapidly with depth from
FRP-concrete interface. Then, a series of inclined struts clamped to concrete sub-
strate are subject to compression and bending. Final failure can be due to concrete
crushing in compression or transverse cracking on tensile side of concrete struts,
depending on dimensions of struts, and a corrugated debonding surface parallel to
the interface is typically detected after failure.

When the structural element strengthened with FRP is also subject to flexural or
shear deformation (e.g. beams) the effect of the curvature has to be taken into
account; it produces an increase of the peeling stresses along the direction
orthogonal to the FRP surface, leading to an early detachment when this stress
component is not negligible. According to the described mechanisms, the failure
mode is sometimes addressed like a mix-mode failure and, for simplicity, it is
usually governed by a Mode II fracture energy empirically defined.

Anchorage Length

The formulation suggested by fib (2001) and CNR (2004) for the effective bond
length is:

Le ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
2 � fctm

s
ð3:1Þ

whereas the formulation provided by Chen and Teng (2001) is:

led ¼
ffiffiffiffiffiffiffiffiffiffiffi
Ef � tfffiffiffiffi

f 0c
p

s
ð3:2Þ

Both relationships show the obvious inverse dependence of led on the substrate
strength. If a rigid-softening bilinear law is assumed, the following theoretical
relationship can be written (Faella et al. 2002):

F
x

F

Fig. 3.4 Failure mechanism at the interface level
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le ¼ p
2

ffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
ku

r
¼ p

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
smax=su

s
ð3:3Þ

in which the effective bond length is expressed as function of the stiffness of the
substrate. Equation (3.3) can be rewritten as follows:

le ¼ su

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � Ef � tf
8 � Cf

s
ð3:4Þ

This relationship provides mean values of the effective length, if the mean values
of fracture energy is used. About the estimation of su, in Bilotta et al. (2011) the
value 0.25 mm allowed the theoretical distribution of strain along the FRP rein-
forcement for fitting quite well the experimental ones by means of an inverse
analysis procedure (Faella et al. 2009). Under the assumption of bilinear bond law,
indeed, the procedure minimizes the scatter between the numerical and the
experimental strains as the main parameters of the bond law are changed. However,
the numerous experimental results investigated were referred to specimens with
concrete compressive strength of about 20 MPa. A wider range of concrete strength
should be investigated in order to have a more reliable estimation of su. Note that
the following expression of su (Eq. 3.5) can be deduced by the relationships pro-
vided in Lu et al. (2005) under the bilinear bond law hypothesis:

su ¼ 2 � Gf

smax
¼ 0:41 � b

f0:5ct

ð3:5Þ

being Gf = 0.308 N/mm and τmax = 1.5 MPa; β is a shape factor similar to kb. For
β = 1 and fc = 20 MPa, the value su ≈ 0.25 mm is confirmed.

Figure 3.5 shows the strain profiles recorded during shear tests carried out on
two series of three sheets (V18a,V19a and V20a—see Fig. 3.5a) and three
plates (laminates) (V1a,V2a and V3a—see Fig. 3.5b) glued on concrete specimens
for a length lb = 400 mm (Bilotta 2010). The strain profiles were recorded when the
first debonding load, Pfd, that identified the beginning of debonding, was attained.
Hence the distance from FRP end at which strains equal to zero were recorded
represents the experimental effective bond length value, le,exp. The agreement
between le,exp and the value le calculated through the formulation (3.4) is good.
However, in order to obtain a design value for the effective bond length, the
Eq. (3.4) is modified as follows:

led ¼ 1
cRd � smax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � Ef � tf � CFd

2

r
with smax ¼ 2 � CFd

su
ð3:6Þ
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In Eq. (3.6), which is included in CNR (2013), the design value of the fracture
energy, CFd , is introduced and γRd = 1.25 is a model factor introduced because it is
not currently possible to calibrate a design value for su with the available experi-
mental data.

The effective bond length calculated through Eqs. (3.1), (3.2), (3.4) and (3.6) are
plotted against the concrete compressive strength, fcm, for sheets (Ef = 216 GPa and
tf = 0.166 mm) and plates (Ef = 171 GPa and tf = 1.4 mm) in Fig. 3.6a, b,
respectively.
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Fig. 3.5 Strain profiles along FRP: a sheets; b plates
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The mean values provided by the proposed formulation are lower than provi-
sions given by Chen and Teng (2001) for both sheets and plates, whichever the
concrete compressive strength is. On the contrary, the design values are slightly less
safe for sheets and slightly more safe for plates.

Effect of Surface Preparation

As well recognized in literature, the bond capacity between the FRP system and the
concrete depends on a number of factors, including the material properties of the
epoxy matrix and of the fibers as well as the properties of the concrete substrate
(Miller and Nanni 1999). Among these, particularly important are the concrete
strength and surface roughness and cleanliness. For this reason, the surface prep-
aration methods are a key issue governing the possible success of the strengthening
intervention. In more details, surface preparation is the process by which the
concrete substrate must be sound, clean, and suitably roughened. This process
include the removal of unsound concrete and bond-inhibiting films, strength veri-
fication, and opening of the pore structure.

Some of the most common surface preparation methods are: brushing, grinding,
scarifying, bush-hammering, steel shotblasting, sandblasting, each with advantages
and disadvantages associated to several factors as the desired roughness profile of
the prepared surface, cost, and processing time. As a confirmation, Chajes et al.
(1996) showed that the interfacial bond strength increased when the surface is
prepared using mechanical abrading. Similarly, Yao et al. (2005) presented an
experimental study on the bond shear strength between FRP and concrete using a
near end supported (NES) single-shear pull test; the corresponding test results
emphasized the role of a careful specimen preparation that significantly affected the
bond capacity, together with the amount of the removed substrate at failure.
Delaney and Karbhari (2007) reported that the surface preparation influences not
only the instantaneous behaviour but also the durability of the system.
Unfortunately, extensive experimental data concerning the FRP to concrete bond
quality are available mainly for sandblasting while for others treatments few data
can be found (Mazzotti et al. 2007).

At a design level, most FRP design and construction Guidelines recommend
surface preparation methods for effective applications. The International Concrete
Repair Institute (ICRI) produced a guideline (Savoia et al. 2009) for concrete
surface preparation for polymer overlays that carefully describes several concrete
surface preparation methods stating the advantages and the disadvantages of each
one. The ACI Committee 440 (2002) suggests abrasive or water blasting techniques
for surface preparation to a minimum concrete surface profile CSP 3, as defined by
ICRI. Nevertheless, even with roughness level not strictly complying with
ICRI/ACI (1999) prescriptions, an adequate level of adhesion can be obtained
(Shen et al. 2002). The Italian technical guideline DT 200 (CNR 2004) suggests
that once the quality control of the substrate has been performed, the deteriorated
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concrete has been removed, the concrete cross-section restored, and the existing
steel reinforcement has been properly treated, then sandblasting of the concrete
surface to be strengthened should be performed.

Ueda and Dai (2005) observed that a large amount of the scattering of experi-
mental results concerning bond strength is due to concrete surface conditions and
preparation, even when different operators or laboratories follow the same surface
treatment procedure. More recently Serbescu et al. (2013) collected a large amount
of data from which they calibrated some empirical laws also concerning the effect
of surface preparation.

In Iovinella et al. (2013) an extensive experimental campaign is described, where
surface roughness was measured on concrete specimens treated with different
surface preparation, prior to FRP application, by means of a laser profilometer and
its various aspects were condensed in a simple roughness coefficient (Fig. 3.7a).
Two types of tests were carried out on the strengthened specimens: conventional
pull-off tests (suitable for on-site application—Fig. 3.7b) and pull-out bond tests.
Results show a clear correlation between the type of surface preparation and the
bond strength obtained by pull-out tests (Fig. 3.8a). The interface law (by means of
the fracture energy—Fig. 3.8b), which will be introduced in the next section, is also
affected by the type and effectiveness of the considered treatment. The quantitative
approach allowed for proposing a simple design formula able to take into account
the specific roughness considered when predicting the bond strength.

In this framework, by following the CNR (2004) approach the fracture energy
can be defined as:

Cf ¼ kG � kb � kr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

p
ð3:7Þ

where kr ¼ 0:766þ 0:08 � IR, while all the other coefficients have the conventional
meaning.
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Bond as a Fracture Mechanics Process

Introduction

Fracture propagation during intermediate crack-induced debonding (ICD) occurs in
concrete, therefore it is reasonable to assume that the quasi-brittle behaviour of
concrete governs the debonding process. It seems appropriate to model the deb-
onding mechanism within the framework of fracture mechanics applied to
quasi-brittle materials (Bazant and Planas 1997). In linear elastic fracture mechanics
(LEFM) it is well known that a singularity in the stress and displacement fields
occurs at the crack tip (Anderson 2004; Bazant and Planas 1997). In LEFM the
nonlinearity of the material is neglected although in applications only a limit value
of the stress can be reached and in a zone near the crack tip a stress re-distribution
occurs, which is related to the nonlinearity of the material. The nonlinearity near the
crack tip can be due to hardening or softening of the material. In order to overcome
the inapplicability of LEFM for quasi-brittle materials such as concrete, the concept
of fracture process zone (FPZ) is introduced. The FPZ represents a bridging zone
between the cracked and uncracked regions, where progressive softening occurs. It
is important to point out that in quasi-brittle materials the FPZ is most likely
coincident with, or close in size to, the region of material nonlinearity. In other
materials, such as steel, the softening part of the nonlinear zone is negligible and the
nonlinear hardening zone is predominant. The characteristics and size of the FPZ
depend on the material. In concrete, the FPZ is related to progressive damage that is
associated with several complex phenomena (microcracking, void formation, etc.).
As the fracture process progresses in concrete, coalescence of microcracks in the
FPZ gives continuity to the already existing crack and consequently the crack
propagates.
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The concept of cohesive zone or cohesive crack is associated with the work of
Hillerborg et al. (1976). The cohesive crack model is a simple model for the FPZ in
concrete and can be taken as a reference to compare other models (Elices et al.
2002). For a Mode-I condition, it is assumed that within the FPZ a crack tip should
not be defined. Conversely, the stress r transferred through the cohesive crack is a
function of the crack opening w (Fig. 3.9). The function r ¼ f wð Þ is characteristic
of the material and is often called the softening function. When w ¼ 0; r ¼ ft,
which is the tensile strength of concrete.

Several researchers attempted to study ICD phenomenon and the debonding in
direct-shear tests as a Mode-II fracture problem (Anderson 2004) where the inter-
face region is idealized to be of zero thickness with well-defined material properties
(Ali-Ahmad et al. 2006; Wu and Niu 2007; Mazzotti et al. 2008). In this ideali-
zation, the interfacial crack, associated with initiation and propagation of debond-
ing, is subject to a Mode-II loading condition. The quasi-brittle behaviour of the
interfacial crack, in the spirit of the cohesive crack model, is described by intro-
ducing a cohesive material law, which relates the interface shear stress (τ) to the
relative slip (s) between FRP and concrete. It is important to highlight that the
cohesive material law τ-s represents the constitutive law of a fictitious material that
links the FRP strip to the concrete substrate (interface). The shear stress should not
be associated with the shear stress that occurs in concrete at a particular distance
from the concrete surface. Although it is reasonable to assume that the stress field in
concrete near the interface has an important role in the stress transfer and therefore
in the debonding mechanism, the cohesive material law, herein introduced, aims to
describe the interfacial debonding at the macro-scale; hence its parameters should
not refer to the actual stress state in concrete at the microscopic level.

Fig. 3.9 Fracture process zone in concrete and cohesive crack model
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Fracture along the interface does not occur on an ideal plane parallel to the FRP
strip but follows a tortuous path, which is in part controlled by the distribution of
the aggregates and in part by the mixed-mode nature of the fracture process at the
microscopic level. In fact, the crack continuously kinks to follow the path that
requires the least amount of energy and is related to the fracture properties of the
two materials (Hutchinson and Suo 1992; Gunes 2004; Gunes et al. 2009). At the
macroscopic level, the microscopic mixed-mode fracture can be considered a
Mode-II fracture at the FRP-concrete interface.

Direct-Shear Tests

Several analytical/numerical procedures to estimate the cohesive interfacial
behaviour from the load response of direct-shear tests were developed. For
example, Ali-Ahmad et al. (2006) established an experimental procedure to directly
determine the Mode-II interfacial fracture law using DIC measurements. The
cohesive material law for the interface, when implemented in a numerical analysis
procedure, allowed for predicting the load response of concrete beams strengthened
with externally-bonded FRP sheets (Wu and Yin 2003; Ali-Ahmad et al. 2007; Wu
and Niu 2007). Among others, Ferracuti et al. (2006, 2007); Mazzotti et al. (2008),
and Carrara et al. (2011) used a procedure similar to Ali-Ahmad et al. (2006). In
those studies, the authors used strain gauge readings along the FRP surface to
obtain the interfacial law. Pellegrino et al. (2008) and Pellegrino and Modena
(2009) used a double-lap shear test and a small-beam test to investigate the effect of
the axial stiffness of the composite on the cohesive material law and indicated the
need of more research to study this aspect.

In what follows, reference will be made to the experimental work reported in
Subramaniam et al. (2007). Single-lap direct-shear tests were used to evaluate the
FRP-concrete debonding using the classical pull-push configuration. The tensile
load was applied to the FRP sheet, while the concrete block was restrained against
movement. This set-up is also referred to as the near-end supported single-shear
test (Yao et al. 2005).

Figure 3.10 shows the specimen dimensions and the loading arrangement
(Carloni and Subramaniam 2012). The Cartesian system depicted in Fig. 3.2 will be
used as a reference system for the strain analysis and fracture mechanics approach
that follow. Details of the test set-up and materials used can be found in
Subramaniam et al. (2007, 2011). Two LVDTs were mounted on the concrete
surface close to the edge of the bonded area. The LVDTs reacted off of a thin
aluminium Ω-shaped plate, which was glued to the FRP surface at the beginning of
the bonded area as shown in Fig. 3.10. The average of the two LVDT readings was
named global slip. Tests were conducted in displacement control by increasing the
global slip at a constant rate equal to 0.00065 mm/s, up to failure. The modality of
failure of all direct-shear test specimens was associated with progressive debonding
of the FRP sheet from the concrete substrate.
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The strain components on the surface of the FRP and surrounding concrete
during the monotonic quasi-static tests were determined from the displacement
field, which was measured using a full-field optical technique known as digital
image correlation (DIC). Details about DIC can be found in Sutton et al. (1983,
2009).

The typical load-global slip response, which can be found in the aforementioned
publications, showed an initial linear ascending region followed by a non-linear
response. The end of the non-linear part of the response was typically marked a by a
load drop that indicated that the interfacial crack has formed. The load was nom-
inally constant after the load drop and the value of the constant load is termed load-
carrying capacity or bond capacity and indicated as Pcrit. An example of the load
response, which corresponds to test W_7 in Subramaniam et al. (2007), is depicted
in Fig. 3.11.

Figure 3.12 shows the variation of the axial strain εyy on the surface of the FRP
along the bonded length for three points (A, B, and C) of the load response of
Fig. 3.11 in the region where the load is nominally constant. The axial strain
distribution along the FRP obtained from all specimens tested was nominally
similar. The experimental strain values are represented by markers. The axial strain
values were determined along the center line of the FRP sheet by averaging the
strain across a 10 mm-wide strip for each value of y. The experimental nonlinear
strain distribution along the bonded length of Fig. 3.12 was approximated using the
following expression (solid line in Fig. 3.12):

eyy ¼ e0 þ a

1þ e�
y�y0
b

ð3:8Þ

where a; b; y0; and e0 were determined using nonlinear regression analysis of the
strains obtained from DIC. The choice of the Eq. (3.8) is not unique (Dai et al.
2005a, b, 2006; Zhou et al. 2010; Liu and Wu 2012). The observed strain distri-
bution along the FRP was essentially equal to zero close to the unloaded end. There
was a rapid increase in strain upon approaching the loaded end. The strain leveled

Fig. 3.10 Specimen dimensions and loading arrangement (Subramaniam et al. 2007)
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off at a value �eyy which was approximately equal to 5580 με for point A. The
observed strain distribution was divided into three main regions: (a) the stress-free
zone (SFZ); (b) the stress-transfer zone (STZ); and (c) the fully-debonded zone
(FDZ). In the FDZ, the strains were essentially constant and were found to remain
unchanged with increasing the global slip, which is consistent with the observation
that the load remained nominally constant (Pcrit) after the debonding process
propagated. It can be observed that a simple translation of the STZ further along the
length of the FRP sheet occurred as the global slip increased while its shape
remained constant. The translation of the STZ indicates self-similar crack growth. It
should be noticed that the STZ does not correspond to the FPZ.

The progressive debonding of the FRP composite sheet from concrete is asso-
ciated with a STZ of a fixed length LSTZ, which translates as the crack advances
(Fig. 3.11). LSTZ is also termed the effective bond length (Chen and Teng 2001) or

Fig. 3.11 Typical load respond (Test W_7) of a direct shear test (Subramaniam et al. 2007)

Fig. 3.12 Axial strain
profiles corresponding to
three points (A, B, and C) of
the load response of Fig. 3.11
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the development length (ACI 440.2R-08 2008). The average values of LSTZ are
plotted in Subramaniam et al. (2007) and summarized in Table 3.1 together with the
other fracture parameters, the maximum strain �eyy, and the load-carrying capacity.

Cohesive Material Law

From the measured strain εyy along the bonded length, the equilibrium of an
infinitesimal segment of the composite strip yields (Taljsten 1996, 1997a, b):

szy ¼ Ef tf
deyy
dy

ð3:9Þ

Ef and tf are the elastic modulus and thickness of the composite, respectively. The
following assumptions were made: (a) the FRP sheet was homogenous and linear
elastic; (b) the thickness and the width of the FRP sheet were constant along the
bonded length; (c) the interface was only subject to shear loading; (d) the interface
between the FRP and the concrete was assumed to be of infinitesimal thickness; and
(e) the concrete substrate was rigid.

The relative slip, s(y), between FRP and concrete at a given location on the FRP
was obtained by integrating the axial strain in the FRP up to that point.

Lu et al. (2005) commented on the possible ways to obtain the τ–s curves,
observing that the violent local variations of strain measured by strain gauges
entailed for substantial differences in the fracture parameters. The procedure fol-
lowed by Subramaniam et al. (2007, 2011) used the strain contours obtained from
DIC, which allowed to identify the fluctuations of the strain profile due to the local
variations of the FRP and the substrate (Ali-Ahmad et al. 2006). The cohesive
material law curves corresponding to points A, B, and C of the load response of
Fig. 3.11 are shown in Fig. 3.13.

Table 3.1 Fracture
parameters of the tests
published in Subramaniam
et al. (2007)

Test bf
(mm)

Pcrit

(kN)
LSTZ
(mm)

eyy
(με)

GF

(MPa�mm)

W_1 46 12.90 80 7200 0.874

W_2 46 12.05 76 6200 0.634

W_3 46 13.20 75 5900 0.563

W_4 38 10.09 81 6400 0.692

W_5 38 10.02 73 6200 0.652

W_6 25 5.54 80 5600 0.546

W_7 25 5.44 76 5600 0.530

W_8 25 5.36 69 6400 0.705

W_9 19 4.27 75 6400 0.686

W_10 19 4.05 78 5900 0.579
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Several expressions of the cohesive material law are available in the literature.
For example, Ferracuti et al. (2006, 2007) proposed the following relationship:

szy sð Þ ¼ �s
s
�s

n

n� 1ð Þ þ s
�s

� �n ð3:10Þ

where �s the maximum is shear stress and �s is the corresponding slip. Other
researchers indicated these parameters as smax and s0, respectively. The parameter
n (>2) mainly governs the softening branch of the softening curve.

Wu et al. (2012) proposed the following form of the cohesive material law (Liu
and Wu 2012):

s00 ¼ a
b
e�s=a 1� e�s=a

� �
ð3:11Þ

where s00 is the second order derivative of the slip s and is related to the shear stress
if the hypotheses introduced above hold. Wu et al. (2012) used an equilibrium
approach and compared the results with empirical formulas to identify the
parameters α and β.

Interfacial Fracture Energy

The interfacial fracture energy GF is the energy required to create and fully break
the elementary unit area of the cohesive crack. GF corresponds to the area under the
entire τzy–s curve (Bazant and Planas 1997):

Fig. 3.13 τzy –s curves for points A, B, and C in Fig. 3.3
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GF ¼
Z sf

0
szy sð Þds: ð3:12Þ

where sf is the slip corresponding to complete separation of the interface. The mean
values of GF for all tests can be found in the published paper (Subramaniam et al.
2007). The mean values of GF , as well as those for the effective bond length and the
maximum strain at debonding �eyy, were obtained from ten points of the load
response within the range of global slip in which the load was nominally constant.

The relationship between the interfacial fracture energy and the fracture energy
of concrete (Mode-I) is still an open discussion among researchers (Achintha and
Burgoyne 2008, 2011; Carrara et al. 2011). Although the fracture process in ICD
occurs in concrete, it propagates in a mortar-rich thin layer (Carloni and
Subramaniam 2010) in which the mechanical and fracture properties are not easily
defined. Undoubtedly, the two fracture energies are related although a convincing
relationship has not been found yet. Rabinovitch (2004) successfully used the
Mode-I fracture energy of concrete to study the end plate debonding (ACI
440.2R-08 2008) using the fracture mechanics concept of energy release rate. In the
context of end plate debonding, the energy required to create and fully break the
elementary unit area of cohesive crack should be closely related to the fracture
energy of concrete as the debonding typically occurs in the concrete cover and
peeling stresses are not negligible.

Taljsten (1996) obtained a relationship between the fracture energy and the
load-carrying capacity in direct shear tests by considering the energy release during
the advancement of the interfacial crack a by an amount da (Fig. 3.14). The energy
release rate G per unit width bf of the composite is obtained as:

G ¼ 1
bf

d
da

F � Ueð Þ
� �

ð3:13Þ

where F is the work done by the external load and is Ue the elastic energy. When
debonding propagates G ¼ GF . If δ is the displacement of the point of application
of the applied force P (Fig. 3.14) and C is the compliance of the system, then:

Fig. 3.14 Crack propagation
in direct shear tests
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Ue ¼ 1
2
P2C ð3:14Þ

and when the interfacial crack propagates:

GF ¼ 1
bf

P
dd
da

� dUe

da

� �
¼ 1

bf

P2

2
@C
@a

ð3:15Þ

Therefore:

P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GFbf

	
@C
@a

s
ð3:16Þ

If the substrate is considered rigid and the adhesive layer is idealized as a
zero-thickness layer:

@C
@a

¼ 1
Ef bf tf

ð3:17Þ

where Ef and tf are the elastic modulus and thickness of the composite, respec-
tively. From Eqs. (3.16) and (3.17), the interface fracture energy GF is related to the
load-carrying capacity (Hearing 2000; Yuan et al. 2001; Liu and Wu 2012; Wu
et al. 2002, 2012):

Pu ¼ bf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GFEf tf

p ð3:18Þ

Equation (3.18) can be obtained through an energy balance approach (Taljsten
1996; Hearing 2000; Focacci et al. 2000; Liu and Wu 2012) and is based on the
assumption that a pure Mode-II interfacial crack propagation occurs across the
entire width of the composite. The theoretical load-carrying capacity under pure
Mode-II was indicated as Pu in Eq. (3.18) to distinguish it from the experimental
value Pcrit.

Concluding Remarks

Contradictory resul ts (Chen and Teng 2001; Subramaniam et al. 2007; Mazzotti
et al. 2008; Carloni and Subramaniam 2012) complicate the interpretation of the
interfacial fracture energy GF as a true fracture parameter. The discussion on the
nature of the interfacial fracture energy as a true fracture parameter in part arises
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from the misuse of Eq. (3.18). From Eq. (3.18), researchers used the experimental
load-carrying capacity Pcrit to determine the fracture energy by assuming that
Pu ¼ Pcrit:

GF ¼ P2
crit

2b2f Ef tf
ð3:19Þ

This approach led to an erroneous evaluation of GF because the experimental
value of the load-carrying capacity includes the width effect. The fracture energy
cannot be directly related to the experimental load-carrying capacity of the inter-
face. The values of GF determined via Eq. (3.19) scale with the width of the FRP
sheet. Hence, the experimental values of the fracture energy determined through
Eq. (3.18) should not be considered as true values.

In addition to the discussion regarding the purported nature of the fracture
energy, concerns remain on the applicability of the direct-shear test results to
describe ICD, mainly because of the presence of a Mode-I component (peeling
stresses). The Mode-I should not be confused with the one observed above at the
microscopic level, but in the spirit of the macroscopic approach of the fictitious
interface. The Mode-I opening is described by the relationship between the normal
stress (peeling) rzz and the opening of the crack d (Martinelli et al. 2011; Carrara
and Ferretti 2013). The Mode-I interfacial fracture energy, corresponding to the
area of the rzz � d curve, is considerably lower than the Mode-II fracture energy
(Taljsten 1996; Gunes 2004), thus even a small component of the load perpen-
dicular to the FRP sheet could potentially reduce the load-carrying capacity of the
interface. A Mode-I component is always present in the direct-shear test mea-
surements due to the relationship between shear and moment. A limited number of
experimental works reported the study of the Mode-I and mixed-mode debonding
(Wan et al. 2004; Davalos et al. 2006; Alam et al. 2012). Some authors (Yao et al.
2005) recognized that the effect of a small loading angle (offset) was insignificant
for relatively long bonded lengths. The presence of a Mode-I condition in beams
can be explained by considering the opening of a flexural/shear crack as illustrated
in Fig. 3.15 (Garden and Hollaway 1998). As the crack opens, the two faces of the
crack will undergo a relative vertical displacement that will cause a mixed-mode
condition for the FRP-concrete interface. Rabinovitch (2008, 2012) used a fracture
mechanics approach that considered the Mode-I and Mode-II cohesive material
laws and their coupling. A set of nonlinear differential equations was derived by
considering a multi-layer description of the strengthened beam. A different length
of the STZ for Mode-I and Mode-II can be observed in these studies. Mazzucco
et al. (2012) used a similar approach to capture the coupling of the shear and
pealing stresses, but introduced a contact-damage model for the adhesion between
layers. Gunes et al. (2009) reported that if the strengthened beam was sufficiently
strong in shear, the flexural/shear crack mouth displacement would be limited and
consequently the mixed-mode nature of debonding fracture would quickly merge
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into a Mode-II condition. It is interesting to notice that the results published by
Alam et al. (2012) showed that the effective bond length increases if the Mode-I
component is significant.

Alternative approaches within the framework of fracture mechanics are available
in the literature. Achintha and Burgoyne (2008, 2011), for example, studied the
debonding phenomenon as a Mode-I problem by considering that the debonding
often occurs in the concrete just above the interface. The Mode-I fracture energy of
concrete was used in their approach. The authors observed that none of the existing
studies available in the literature provided a reliable estimate of the interfacial
fracture energy GF . Gunes et al. (2009) proposed a global energy balance model to
predict FRP debonding failure. The amount of energy dissipated in the system
during debonding was determined by calculating the change in the potential energy
of the system. The component of the energy dissipation due to the debonding
process was calculated by means of the interfacial fracture energy.

Cyclic Loads

As shown in previous sections, several theoretical contributions have been pro-
posed by researchers in recent years concerning both the behaviour of the
FRP-to-concrete interface and the evaluation of the interface stresses (Ueda and Dai
2005; Dai et al. 2005a). Moreover, many experimental tests have been carried out to
evaluate the bond capacity and the effective bond length (Chajes et al. 1996;
Bizindavyi et al. 1999; Brosens et al. 2001; Yao et al. 2005). In particular, the
influence of FRP stiffness, width, and bond length as well as concrete compressive
strength and surface treatments has been investigated in depth (Brosens et al. 2001;
De Lorenzis et al. 2001; Savoia et al. 2003; Guo et al. 2005; Lu et al. 2005; Faella
et al. 2007a; Nigro et al. 2008). Both theoretical and experimental contributions
have led to the development of design guidelines and codes (ACI 440.2R-08 2008;
CNR-DT 200 2004; fib bulletin 14 2001). Such guidelines are mainly based on the
results of monotonic bond tests, while many strengthened structures are subjected to
fatigue loads (i.e. roads and railways bridges) or to shorter but more intense cyclic

Fig. 3.15 Mixed-mode
debonding propagation in
beams
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actions such as earthquakes. In particular, in these cases the FRP-concrete interface
is subject to cyclic stresses which could lead to premature debonding failure.

Thus some researchers have recently begun to investigate the fatigue perfor-
mance of the FRP-concrete interface (Kobayashi et al. 2003; Dai et al. 2005a, b;
Bizindavyi et al. 2003; Diab et al. 2007). Nevertheless, at present, bond tests under
cyclic actions performed on CFRP sheets applied on concrete blocks are not as
numerous as monotonic tests, and very few contributions are available on cyclic
tests performed on CFRP plates. Furthermore, few studies are available on deb-
onding phenomena under few cycles at very high force levels, as typical occurs
during earthquakes. During earthquakes, FRP instability in compression may start
before debonding; however in some cases (i.e. statically determinate bridge beams
and slabs), FRP laminates may be always in tension. Ko and Sato (2007) showed
that the load-displacement curves recorded during cyclic tests basically traced the
load-displacement curves related to monotonic counterpart tests even if plastic
displacements and stiffness reduction were observed due to the partial debonding
imposed by the repeated unload/reload cycles. Finally, they showed that partial
debonding under cyclic loads does not affect the FRP reinforcement debonding
force if adequate bond length is provided.

Compared with monotonic tests, there have been few bond tests under cyclic
actions performed on CFRP sheets applied on concrete blocks. Very few contri-
butions are available on cyclic tests performed on CFRP plates and on debonding
phenomena under few cycles at high force levels, which typically occur during
earthquakes. Therefore, a further series of cyclic Single Shear Tests (SSTs) bond
tests under both monotonic and cyclic actions, without inversion of action sign,
were performed by Nigro et al. (2011) in order to analyze both the influence of
different load paths (few cycles, typical of seismic actions) and the effect of FRP
bond lengths on bond behaviour between FRP reinforcement and the concrete
substrate. In particular, concrete mix design was specifically designed to obtain low
compressive concrete strength, to better simulate the FRP application on existing
structural members that need to be strengthened (fcm = 22.5 MPa), whereas sheets
and plates were specifically selected to investigate the performance of reinforce-
ments with a low or high value of axial stiffness. Moreover, to investigate the
influence of the reinforcement bond length, lb, on the interface behaviour under
cyclic actions, different lb values were assumed in the experimental program (see
Fig. 3.16). Finally, different cyclic load paths were adopted to simulate a seismic
event (low number of cycles) of different intensity and to evaluate the extent of the
influence of cycle number on bond behaviour.

If Pmax,M is the maximum debonding load recorded during the monotonic test,
the experimental outcomes of cyclic tests showed that the influence of few
load-unload cycles up to 70 % of Pmax,M was negligible in terms of bond stiffness
and strength for CFRP sheets both for higher and lower bond lengths than theo-
retical effective ones); similar results were obtained for plates, even if experimental
effective bond lengths were significantly lower than theoretical ones. Moreover, a
small number of load-unload cycles (i.e. a total of 40 cycles) up to 90 % of Pmax,M

induced a translation of the shear stress transfer zone along the reinforcement with a
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reduction in peak values due to interface damage; however, this phenomenon did
not substantially affect debonding loads in the case of bond lengths exceeding the
effective bond length. Finally, experimental tests showed that the reduction in bond
length up to about 50 % of the theoretical effective bond length induced a com-
parable reduction in maximum debonding load on specimens subjected to mono-
tonic or cyclic action.

Fig. 3.16 Experimental load-displacement relationships: Plates a lb = 250 mm, b lb = 125 mm and
Sheets, c lb = 100 mm, d lb = 50 mm
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Experimental Analysis of Debonding

Existing Experimental Set-Ups

Several experimental set-ups have been proposed and carried out by researchers in
last years to perform bond tests, but a standard procedure has not been defined yet.
The following classification of test procedure for bond test is generally assumed
(Horiguchi and Saeki 1997; Chen and Teng 2003; Yao et al. 2005, Fig. 3.17):
(a) double-shear pull tests; (b) double-shear push tests; (c) single-shear pull tests;
(d) single-shear push tests; (e) beam (or bending) tests. These definitions are based
on the loading condition in the concrete block and on the symmetry of the speci-
mens (single or double tests refer to the presence of one or two sides of the block
strengthened with the FRP reinforcement).

In the cases (a) and (c) the tensile load is applied to the external reinforcement
and to the concrete element too (Fig. 3.17a, c); by contrast, in cases (b) and (d) a
tensile load is applied to the FRP reinforcement and a pushing action is applied to
the concrete block that, thus, is partially compressed (Fig. 3.17b, d). For both
set-ups the configuration can be either symmetrical (cases a and b) or asymmetrical
(cases c and d).

In the case of beam tests (Fig. 3.17e) the FRP reinforcement is not directly
loaded but is however subjected to tensile stresses due to the bending action applied
to the concrete element.

(a)

(c)

(e)

(d)

(b)

Fig. 3.17 Different set-ups for bond tests on concrete elements externally bonded with FRP
materials: a double-shear pull test; b double-shear push test; c single-shear pull test; d single-shear
push test; e beam test
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The pull shear test (single or double) corresponds to a loading condition very
similar to the actual one, because in existing RC elements the external FRP rein-
forcement is usually applied on the tension side. However, this scheme is more
difficult to realize experimentally compared to the push shear test because the
concrete block has to be loaded in tension. Such a loading condition is usually
realized by applying tension to steel bars embedded in the block (Brosens and van
Gemert 1997; Maeda et al. 1997; Ueda et al. 1999; Wu et al. 2001; Bilotta et al.
2011, Fig. 3.18a). In this scheme the set-up can be more sensitive to the geometrical
inaccuracies and imperfections and thus, the repeatability or the variability of the
results can be increased.

By contrast, the push shear test is more simple to realize and can give reliable
predictions of bond strength, if the compressed area of concrete is not very
extended (large value of the distance a in Fig. 3.17d). Indeed, suitable values of this
area ensure the development of a bond failure at the concrete-FRP interface, sim-
ilarly to what occurs in the pull shear test. If the loaded area of concrete is too
extended the compressive stresses induced by the pushing force can limit the
volume of concrete involved in the failure mechanism and, thus, lower values of
debonding load can be attained due to the reduction of the fracture energy.

Fig. 3.18 a Single pull shear test by (Bilotta et al. 2011a, b); b Single push shear test—vertical
scheme by (McSweeney and Lopez 2005); c Single push shear test—horizontal scheme by (Yao
et al. 2005); d Single push shear test—horizontal scheme by (Mazzotti et al. 2005)
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In general, special attention is required when a symmetrical scheme is realized
and the FRP reinforcement is applied on both sides of the concrete specimen
(Ceroni and Pecce 2002; Blontrock et al. 2002; Brosen and van Gemert 1997;
Guadagnini et al. 2012). The most important problem to solve in this case is the
alignment of the two concrete blocks for gripping the FRP reinforcement in the
testing machine; indeed, some imperfections can cause additional flexural and
torsional stresses in the reinforcement and, thus, can reduce the debonding load.
Moreover, in the double-shear test set-ups, when one of the two bonded sides starts
failing, the system loses the original symmetry and the alignment between the axis
of the tensile machine and the bond surfaces; therefore, additional peeling stresses
occur on one side of the specimen with the consequent reduction of the transmis-
sible force on that side and the sudden failure of the FRP reinforcement. This
phenomenon makes uncertain the definition of the effective tensile load applied to
each bonded side, and very difficult the experimental monitoring of the nonlinear
bond behaviour. In general, the onset of a not symmetric behaviour in a
double-shear scheme may start even at the beginning of the test, due to imper-
fections and asymmetries in the application of the tensile loads to the FRP rein-
forcements, with a significant reduction of the bond capacity, especially for short
bonded lengths (Yao et al. 2005). For increasing bonded lengths, the effect of
misalignments or imperfections tends to be smaller.

In the single push shear test only one concrete block is tested and usually two
schemes are realized in the laboratories. In the first one the concrete block is placed
in a stiff steel frame with an upper plate compressing the specimen, while the end of
the FRP reinforcement is clamped in the grips of a tensile machine (see Fig. 3.18a,
b, McSweeney and Lopez 2005; Ceroni et al. 2008). In the second one, the spec-
imen is placed on an horizontal plane (see Fig. 3.18c, d, Yao et al. 2005; Mazzotti
et al. 2005; Matana et al. 2005; Ceroni et al. 2014), the concrete block is restrained
at the free end by a mechanical anchorage and contrasted at the loaded end by a
steel block. These two set-ups can give some differences in terms of debonding
loads due to the different restraint conditions of the concrete blocks. In Mazzotti
et al. (2013), indeed, a difference of about 10–15 % for the debonding loads was
observed in the two set-ups for bond tests carried out on equal specimens.
A possible explanation can be found considering that in the horizontal set-up the
concrete face opposite to the FRP bonded one is prevented from transverse dis-
placement (Fig. 3.19a); on the contrary, the same surface in the vertical set-up is
completely free from restraints (Fig. 3.19b). For this reason, when the tensile load is
applied to the FRP reinforcement a bending moment occurs due to the misalign-
ment of the two forces (action and reaction), eventually inducing a deformation of
the concrete prism generating peeling stresses in the FRP reinforcement that can
reduce the bond strength. A 3D FE model confirmed the differences in terms of
debonding loads experimentally observed using the two set-ups. The comparison of
the experimental strains measured in the two schemes showed that, as the load
increases, the longitudinal strains along the direction of the fibers in the vertical
set-up become generally higher than strains from the horizontal one due to the
additional flexural deformation.
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A recent Italian round robin test has shown the reliability of the single push shear
test set-up and the good repeatability of the results in terms of debonding loads
(Savoia et al. 2009).

In the beam test set-up, well known for characterization of bond behaviour of
steel bars in concrete elements according to the RILEM standards, the tension force
is applied to the FRP reinforcement by a flexural scheme. Two blocks, placed on
supports, are connected at bottom by the FRP reinforcement and above by a
cylindrical hinge. Two vertical loads are generally applied (Cruz and Barros 2002;
De Lorenzis et al. 2001; Ceroni et al. 2003). In some cases beam tests have been
performed on a single concrete prism having a steel plate or a notch in the mid-
dlespan aimed to promote the formation of a crack in that position (Guo et al. 2005;
Dai et al. 2003). However, the loading pattern of the beam test can cause a shear
failure in the blocks for lower length/height ratios (Ceroni and Pecce 2006) that
avoids attaining the actual bond strength.

Comparison of Experimental Results of Different Set-Ups

In order to compare experimental results coming from different set-ups, they have
been compared with the theoretical expression given by Chen and Teng (2001) for
the maximum debonding load:

Nf ;max ¼ a � bp � bL � bf � Le �
ffiffiffiffi
f 0c

p
; Le ¼

ffiffiffiffiffiffiffiffiffiffiffi
Ef � tfffiffiffiffi

f 0c
p

s
;

bp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =bc
1þ bf =bc

s
;

ð3:20Þ

Tensile force 

Reaction 

Contrast reaction Induced 
bending moment 

Tensile force 

Reaction 

Peeling stress 

Induced 
bending moment 

(a) (b)

Fig. 3.19 Deformation mechanism of the concrete block in the push shear set-up: a horizontal
scheme; b vertical scheme
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bL ¼ sin
pLb
2Le

if Lb � Le; bL ¼ 1 otherwise ð3:21Þ

where bf, tf, Ef and Lb are width, thickness, Young’s modulus, and bonded length of
the FRP reinforcement, bc is the width of the concrete element, f’c is the mean
cylindrical compressive strength of concrete and α is a calibration factor equal to
0.427 or 0.315 to calculate the mean value or the 5 % percentile of debonding load,
respectively.

The considered experimental results have been obtained in bond tests carried out
according to various set-ups:

• beam tests, named BT, (De Lorenzis et al. 2001; Cruz and Barros 2002; Guo
et al. 2005; Aiello and Leone 2005; Dimande et al. 2005; Wang et al. 2005;
Ceroni and Pecce 2006);

• pull shear tests, named PlST, (Brosens and van Gemert 1997; Maeda et al. 1997;
Ueda et al. 1999; Wu et al. 2001; Ceroni and Pecce 2002; Aiello and Leone
2005; Boschetto et al. 2006; Yi et al. 2006);

• and push shear tests, named PsST, (Chajes et al. 1996; Takeo et al. 1997; Ueda
et al. 1999; Zhao et al. 2000; Wu et al. 2001; Coronado and Lopez 2005; Lu
et al. 2005; McSweeney and Lopez 2005; Pham and Al-Mahaidi 2005; Yao
et al. 2005; Travassos et al. 2005; Leone et al. 2006; Savoia et al. 2009).

In the experimental database results of specimens with bonded length less than
50 mm, FRP width lower than 40 mm, and Young’s modulus lower than
80,000 MPa were excluded; 448 experimental points have been collected. These
limits have been fixed in order to reduce the scatter of the results, to exclude from
the calibration procedure the results related to unrealistic strengthening configura-
tions that can be strongly influenced by scale effects (too short bonded length or too
low width and, thus, too low FRP-to-concrete width ratio), and to avoid the
materials with elastic properties too different from those usually adopted in the
experimental tests and in the practical applications. Thus, the main parameters of
specimens are variable in the following ranges: concrete width, bc = 100–500 mm,
FRP width, bf = 40–120 mm, bf/bc = 0.17–1, FRP thickness, tf = 0.083-1.4 mm,
number of layers, n = 1–6, Young modulus of fibers, Ef = 81380–640000 MPa,
bonded length, Lb = 50–700 mm, mean compressive strength of concrete, fcm = 17–
62 MPa, mean tensile strength of concrete, fctm = 1.30–4.30 MPa.

In Fig. 3.20 the experimental debonding loads, distinguished according to the
different set-ups (Fig. 3.20a for beam tests, Fig. 3.20b for pull tests, Fig. 3.20c for
push test) are compared with the theoretical mean values given by Eq. (3.20) (i.e.
the parameter α is assumed 0.427) and in Table 3.2 a summary of these compari-
sons is reported in terms of mean value, standard deviation, and CoV of the
experimental–to-theoretical debonding load ratio, Nexp/Nf,max.

For the beam test (BT) the model underestimates the experimental results (the
average value of Nexp/Nf,max is indeed ≥1) with CoV values comparable with the
push shear tests (0.21—0.27). The higher experimental loads obtained for such a
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set-up could be related to the length-to-height ratio of the concrete block that could
not lead to a real ‘debonding failure’. Indeed, the dimension of the block could
activate an ‘arc’ resistant mechanism that allows transferring a lower tensile force to
the external FRP plate compared to the ‘beam’ mechanism and higher stresses in
the concrete strut that results in a shear failure.

For the pull shear tests (PlST) the theoretical formula overestimates the exper-
imental results (the average value of Nexp/Nf,max is indeed ≤1) and the CoV is higher
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Fig. 3.20 Experimental results versus theoretical debonding load by Eq. (3.1): a beam test (BT);
b pull shear test (PlST); c push shear test (PsST) single or double

Table 3.2 Statistical
summary of experimental to
theoretical debonding load
ratio

Nexp/Nf,max

Beam test (61 data) Mean 1.30

Stand. dev 0.27

CoV 0.21

Pull shear test (115 data) Mean 0.98

Stand. dev 0.36

CoV 0.36

Push shear test (272 data) Mean 1.01

Stand. dev 0.23

CoV 0.22

All results (448 data) Mean 1.04

Stand. dev 0.29

CoV 0.28
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(0.36–0.42) than other set-ups; these results are probably due to the crucial influ-
ence of imperfections of specimens.

The results of the push shear tests (PsST) seem to be well replicated by the
models: the average value of Nexp/Nf,max is very close to 1 and the CoV values are
the lowest (0.22–0.25).

If the results of all set-ups are considered, the synthesis reported in Table 3.1
shows that Eq. (3.19) furnishes an average value of Nexp/Nf,max lightly ≥ 1, with a
reliable value of CoV (0.28).

Intermediate Debonding

As shown above, in the last years huge research efforts have been carried out for
understanding the behavior of reinforced concrete beams strengthened by externally
bonded FRP. The main subject of these studies is the mechanical characterization of
the FRP-to-concrete adhesive interface and particularly the investigation of the plate
end debonding and intermediate debonding. Nevertheless, formulations to describe
the FRP-to-concrete bond behavior are still under discussion. Various proposals
have been derived from simplified mechanical models and calibrated making use of
the experimental results available in the scientific literature (Teng et al. 2002).
Alternatively numerical simulations allow to simulate and, thus, further investigate
the debonding phenomenon. Roberts (1989) provided a simplified model for
evaluating interface stresses in FRP (or even steel) strengthened beams; simplified
equations for evaluating shear and normal stresses throughout the FRP-to-concrete
interface have been provided by assuming linear elastic behavior of the adhesive
interface. Similar relationships, even obtained under simplified hypotheses for the
interface behavior, have been provided in Malek et al. (1998). The authors showed,
through experimental and numerical comparisons, that such simplified formulae
usually result in a close approximation of the complex stress patterns which develop
throughout the FRP-to-concrete interface.

The above mentioned research papers mainly deal with interface stress distri-
bution in the elastic range, which is an aspect of concern for serviceability con-
ditions. Premature loss of bonding between FRP and concrete needs to be studied
by considering a suitable non-linear relationship between interface stresses and
strains. Holzenkaempfer (1994) proposed a bi-linear relationship between shear
stresses and interface slips; based on such model Taljsten (1997a, b) determined the
expressions of the ultimate bearing capacity of FRP-to-concrete joints.

In Faella et al. (2006a, b) a numerical model is implemented and validated: the
study is mainly focused on debonding failure which can occur at the FRP-cut-off
section (plate end debonding) or throughout the FRP-to-concrete adhesive interface
(intermediate debonding). Interface slips between reinforced concrete beam and
FRP laminates are considered and, consequently, a well-established non-linear
shear stress-slip law is introduced. Moreover, non-linear stress-strain relationships
are utilized for modeling the other structural materials and a completely non-linear
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analysis procedure is obtained by means of a secant approach; such non-linear
procedure allows for reproducing the whole structural behaviour up to failure which
can be due to FRP tearing, concrete crushing or interface debonding. Figure 3.21
shows how the complete evolution of the displacement-vs-force curve recorded for
a simply supported beams (Pham and Al Mahaidi 2004) and a cantilever beam (Yao
et al. 2005) externally strengthened by FRP can be followed by the numerical
procedure which provides also a good estimation of the ultimate load and
displacement.

A high level of uncertainty still overshadows the mechanical understanding of
intermediate debonding due to the complex interactions between several phenom-
ena, such as cracking in concrete, steel yielding in longitudinal rebars, interface
adhesion properties, the amount of reinforcement, the load condition and so on. As
a result of this incomplete understanding of the mechanical reasons leading to
intermediate debonding failure of FRP-strengthened RC beams, several analytical
approaches have been proposed within the scientific literature and adopted by the
most common design codes. Since those procedures work in rather different ways
involving various parameters and adopting different relationships for defining
interface properties, they generally lead to rather different predictions of the ulti-
mate load resulting in intermediate debonding. Moreover, such procedures actually
neglect or disregard the role played by several mechanical parameters in controlling
the structural response of FRP-strengthened RC beams, adopting simplified
expressions for deriving formulae usually calibrated on the available experimental
observations.

Two different methodological paths can be followed for defining reasonably
simplified design formulae based on experimental results:

– direct calibration of empirical expressions against experimental results by means
of well-established mathematical procedures like least-square minimization of
the overall difference between the experimental observations and the corre-
sponding analytical values;

Fig. 3.21 Experimental and numerical Load-Deflection curves. (Faella et al. 2008a)
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– validation of refined numerical models (i.e. based on finite element discretiza-
tion) by means of a limited number of experimental results and extrapolation of
those results by means of the above mentioned numerical procedures.

Despite of several proposals, numerical models are not yet suitable to take into
account all phenomena affecting debonding. Therefore, a simplified design formula
(see Chap. 2—Application 3) based on a statistically consistent procedure for
determining the safety levels required for defining the so-called “characteristic” and
“design” values of the maximum axial strain developed in FRP at intermediate
debonding is probably more useful for design purposes.

Figure 3.22 shows a comparison between design curves obtained in Chap. 2—
Application 3 and other curves according to some of the models outlined in Sect. 3.
Both the model by Said and Wu (2008) and the formula adopted by ACI440-08
lead to predictions in terms of maximum axial strain in FRP at debonding which are
not conservative enough to be used for design purposes. Moreover, the predictions
based on the model by Teng et al. (2004) are rather close to the values obtained by
the current CNR-DT 200/2004 provisions. In the case of low concrete strength
(namely, for fc < 40 MPa), both formulations look not conservative enough for
design purposes.

On the other hand, the predictions obtained by applying the formulation in
Chap. 2 by considering the kIC,5 % coefficient, a further safety factor γf,d = 1.2
addressing the quality of the application, a confidence factor FC = 1 as “full
knowledge” is achieved about the mechanical properties of structural materials
demonstrate the higher level of conservativeness achieved by this proposed for-
mula. Finally, although the curves representing the results of the model by Teng
et al. (2003) are generally even more conservative than those obtained by the model
proposed in Chap. 2, it could result in too strict provisions for a cost-effective
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Fig. 3.22 Experimental results and code provisions
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application of FRP strengthening. The two curves representing the design formula
and the model by Teng et al. (2003) are rather close but the former can move
upward if a unit value is also considered for γf,d, as a result of a certified application
procedure allowing for higher values of the relevant mechanical properties of the
adhesive-to-concrete interface.

Bond Law Identification Method

The FRP-to-concrete interface behaviour is often described by its fracture energy
GF, which is directly related to the ultimate load Fmax observed in pull-out tests.
Nevertheless, assessing the GF value is not sufficient for reproducing the overall
behaviour of the FRP-to-concrete interface for modeling problems such as, for
instance, intermediate debonding in RC beams externally strengthened by FRP
reinforcement (Faella et al. 2008a). Thus, an accurate local bond–slip model is of
fundamental importance in modeling FRP-strengthened RC elements.

As showed in the previous sections, the pull test delivers the ultimate load of the
FRP-to-concrete interface, but can also provide useful information on the local
bond–slip behaviour of the interface if axial strains of the FRP reinforcement are
measured with closely spaced strain gauges. Indeed, the shear-stress-relative-slip
relationship, describing the FRP-to-concrete interface law, can be identified starting
from the values of the strains recorded during the tests at different load levels.

Commonly, the shear stress of a particular location along the FRP-to-concrete
interface can be found using a difference formula, whereas the corresponding slip
can be found by a numerical integration of the measured axial strains of the FRP.

In particular the interface shear stresses τi(z) can be obtained by the variation of
axial stresses, and thus strains, throughout the FRP by the following relationship
between two strain gauges at distance Δzi:

si ¼ eiþ1 � ei
Dzi

� Ef � tf ð3:22Þ

where Ef and tf are FRP Young’s modulus and thickness, respectively. Typical
shear stress profiles assessed for sheets and plates, respectively, are reported in
Fig. 3.21a, b. Note that, at the loaded end of the reinforcement, shear stresses
assessed for loads close to the debonding of the reinforcement are lower than those
assessed for lower loads. This indicates that in this zone of the reinforcement the
shear stress-slip law is in the softening stage typical of a post-elastic behaviour.

On the other hand, assuming for the sake of simplicity that concrete strain is
negligible with respect to FRP counterpart, the slip values corresponding to the
shear stress values obtained by Eq. (3.21) can be calculated by integrating the axial
strains measured during the test by the following relationship:
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si;iþ1 ¼
Xi
k¼0

ekþ1 þ ekð Þ
2

� xkþ1 � xkð Þ ð3:23Þ

Therefore, the bond law at the FRP-to-concrete interface can be obtained by
calculating the shear stresses using Eq. (3.22) (considering the strains recorded by
the first two gauges—e.g. at 400 and 380 mm in Fig. 3.23) and the corresponding
slips using Eq. (3.23) (considering all the strain gauges applied on the FRP rein-
forcement). In this way the experimental interface law is obtained directly with
respect to values of shear stresses and relative slips based on experimental strains
(see Fig. 3.24).

Moreover, the couples of values sj; sj
� �

can be “directly” used to calibrate the τ-s
relationship through a numerical regression, such as the least square method. This
method (called DirIM in Faella et al. 2009) is very simple, but it does not often
produce accurate local bond–slip curves. In particular the shear stress deduced from

(a) (b)

Fig. 3.23 Shear stresses assessed on sheet a and plate b reinforced specimens

(a) (b)

Fig. 3.24 Experimental bond law at the FRP-to-concrete interface: sheet a and plate b
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axial strains can be not reliable due to sensitivity to the distance between strain
gauges in the averaging procedure needed for estimating shear stresses.
Consequently the method can noticeably underestimate the values of fracture
energy and provide bond–slip curves, attained from different tests, substantially
different.

In this regard, Ferracuti et al. (2007) presented a procedure to calibrate
non-linear FRP-to-concrete interface laws from experimental results of bond tests:
strains along the composite are used to obtain shear stress–slip data, whereas the
maximum transmissible force is used to prescribe the value of fracture energy, GF,
of interface law. Hence, the non-linear interface law is obtained by a DirIM, taking
into account a restraint on GF in the calibrating procedure. The interface law is then
used to simulate the tests and a good agreement between numerical and experi-
mental results are showed. Nevertheless, the distribution of shear stresses cannot be
directly compared with data provided by the pull out tests, because both interface
shear stresses and local displacements cannot be directly measured during the usual
pull-out tests.

In Lu et al. (2005), some existing bond–slip models was presented and assessed
using the results of some pull tests on simple FRP-to-concrete bonded joints,
leading to the conclusion that a more accurate model, unaffected by such uncer-
tainties, is required. For this reasons three new bond–slip models of different levels
of sophistication were proposed, highlighting a novel aspect in calibrating the
models on the predictions of a meso-scale finite element model. Through com-
parisons with the test database, all three bond–slip models are shown to provide
accurate predictions of both ultimate load and strain distribution in the FRP rein-
focement. In particular it was showed that, while a more precise bond-slip model
should consist of a curved ascending branch and a curved descending branch (see
also Savoia et al. 2003 and Ferracuti et al. 2007), also other shapes such as a
bilinear model can be used as a good approximation.

Among the three models proposed in Lu et al. (2005), the last is just represented
by a bilinear law, identified by the following relationships for determining the three
parameters τmax, se and su:

smax ¼ 1:5bwft; ð3:24Þ

se ¼ 0:015bwft; ð3:25Þ

su ¼ 2:GF

smax
¼ 2 � 0:308 � b2w � ffiffiffi

ft
p

1:5 � bw � ft ¼ 0:41 � bw �
ffiffiffi
ft

p
ð3:26Þ
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where ft is the tensile strength of the concrete and βw is a well-known geometrical
factor (as function of the ratio between the width of the FRP and the concrete
member which the FRP is applied on). Slightly dissimilar expressions were sug-
gested in literature for this factor (Lu et al. 2005; Teng et al. 2002; CNR-DT 200
2004; fib Bulletin 14 2001), but the difference among the expressions is however
very small and all the mentioned equations are suitable for practical applications.
Note that, for simplicity and uniformity, some relationships were formally
rewritten.

It is worth observing that the relationships (23–25) were assessed by using the
experimental results of bond tests performed on sheets (i.e. wet-lay-up system
characterized by thickness ranging between 0.133 and 0.5 mm for one or three
layers). Very few experimental data was related to tests performed on plates (i.e.
preformed system characterized by thickness ranging between 1 and 2 mm)
whereas the reinforcement thickness particularly affects debonding behaviour:
indeed, the greater the thickness, the higher the increase in the normal and shear
stresses at FRP to concrete interface and consequently the probability of premature
debonding occurrence (Oehlers and Moran 1990; Tounsi et al. 2009). Even if the
numerical analysis may take into account this parameter, the comparison performed
with the experimental data appears clearly lacking from this point of view.

By contrast, recently (Bilotta et al. 2011b), in order to assess a design formu-
lation to predict the plate end debonding load in RC elements strengthened with
Externally Bonded Reinforcement (EBR) made of FRP materials by means of a
statistical analysis, the experimental debonding loads of several bond tests available
in the literature have been collected. Cured in situ (sheets) and preformed (plates)
FRP systems have been distinguished to better exploit the performance of the
former ones, as concerns the plate end debonding failure. Lu et al. (2005) suggested
an expression for assessing the interface relationship and consequently the fracture
energy value that takes into account the strength of the concrete, but completely
neglects the influence of the reinforcement properties, in particular the FRP
thickness. This assumption, regardless of the value of βw, lead to same values of
maximum shear stress for plates and sheets applied on the same concrete.

Thus, based on such results and the outcomes of Yao et al. (2005); Ferracuti
et al. (2007); Faella et al. (2009) and Bilotta et al. (2011b), the IndIM procedure and
the bilinear shape for the bond law were extensively used in Bilotta et al. (2012)
with the final aim of calibrating bilinear interfaces laws, as stable as possible, and
assessing their reliability for sheets and plates, separately.

Since relevant measures of shear stresses and corresponding relative strains
cannot be directly obtained by pull-out tests, an alternative procedure using the
experimental measures in terms of axial strain values εf,j,i recorded at distance zj
under the force Fi was adopted for “indirectly” calibrating the τ-s interface
relationship. The simple but effective bilinear model is taken because closed-form
solutions are available for such shape of the interface law, as extensively shown in
Faella et al. (2003). This model is defined by well-known relationships in which
three parameters identify the bond law: the maximum shear stress, τmax, the
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corresponding slip, se, and the ultimate slip, su, beyond which the interface shear
stress can be considered null.

Therefore, for each set, q, of parameters τmax, se and su a given interface law is
defined, and the corresponding theoretical value εfth,,j,i of the axial strain developed
in the FRP plate at a distance zj under the force Fi can be evaluated. Even if
numerical procedures, such as finite differences, can generally be utilized, the
choice of a bilinear bond law allowed for using the closed-form solutions (Faella
et al. 2003) taking also into account, if necessary, the influence of the parameter
bond length, L, in the solution of the problem.

The identifying procedure was applied on a wide collection of experimental
results attained by pull tests during which not only the load but also the corre-
sponding axial strains of the FRP reinforcement were measured. Both the consis-
tency of IndIM method and the robustness of the assumption on the bond law shape
was showed by a comparison, in terms of axial strains throughout the bonded
length, between theoretical predictions and the corresponding measured values.
Even if the uncertainness in accurately identifying the parameter se indicated that
the bond behaviour in the elastic stage was not perfectly approximated by a linear
branch, the result obtained by assuming a bilinear law were satisfying.

Finally, several bond law relationships, identified by three parameter (i.e. the
maximum shear stress, τmax, the corresponding elastic slip, se, and the ultimate slip,
su), have been compared. The elastic and ultimate slips, se and su respectively, are
on average the same for sheets and plates, although the dispersions of the values
obtained by the identifying method are somewhat high. Conversely the values of
maximum shear stress, τmax, obtained for sheets bond laws are always higher than
those obtained for plates interface relationships, of about 30 % in average. Clearly
the same differences are attained in terms of fracture energy. Such results are in
agreement with the theoretical strength models available in the literature for pre-
dicting debonding of sheets and plates separately, confirming the advisability of
assessing a bond law for the plates different from that for the sheets.

Existing Models and Code Formulations

Externally bonded FRP sheets are currently used to repair and strengthen existing
reinforced concrete (RC) structures for shear and flexural applications. Proper
design against various debonding failure modes is the key issue of this technique
(Taljsten 1997a, 1997b; Bizindavyi and Neale 1999; Chen and Teng 2001; Nakaba
et al. 2001; Lu et al. 2005; Ferracuti et al. 2007; Pellegrino et al. 2008). Typical
failure modes include cover separation, plate end interfacial debonding, interme-
diate flexural crack-induced interfacial debonding, and critical diagonal
crack-induced interfacial debonding, as described in the Italian guidelines
CNR-DT 200 2004. Furthermore, some authors (e.g. Yuan et al. 2004) pointed out
that, although there exist many experimental setups to evaluate the FRP-concrete
bond strength, a standard test procedure does not exist yet. The most diffused
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experimental setups are represented by the so-called direct shear tests, single and
double, and by the bending/beam test. In bending tests the FRP composite is
bonded to the bottom of a beam subjected to flexure. Bending tests are sometimes
carried out on small scale specimens where a notch or a hinge is provided in order
to initiate debonding at a specific cross-section. The combination of results related
to both small- and full-scale specimens is arguable due to different mechanisms and
resisting contributions developing in small- and full-scale beams. For this reason, in
this work the experimental tests of small-scale notched beams were discarded and
only the results of full-scale strengthened RC beams subjected to bending tests were
included in the database.

A wide assessment of some diffused analytical models available in literature was
performed. Since it has been shown that these different kinds of approaches can lead
to different results for the same amount and preparation of FRP and concrete
support (Yuan et al. 2004), various test setups (single shear test, double shear test
and bending test) and FRP composites preparation (pre-impregnated laminates and
post-impregnated sheets) have been considered in the assessment. A comparison
between experimental and analytical values of the bond strength and of the effective
bond length is presented and discussed. The analytical models considered in this
chapter are some of the most diffused formulations and include those adopted by the
fib Bulletin 14 (2001), CNR-DT 200 (2013) and ACI 440.2R-08 (2008).

Theoretical Models

A number of analytical bond formulation have been proposed in literature by
several authors, have been considered in this work and are briefly recalled for the
sake of clarity.

van Gemert (1980):

Nf ¼ 0:5 � bf � lb � fctm ð3:27Þ

Tanaka (1996):

Nf ¼ ð6:13� ln lbÞ � bf � lb ð3:28Þ

Hiroyuki and Wu 1997:

Nf ¼ 5:88 � l�0:669
b � bf � lb ð3:29Þ

Maeda et al. 1997:

Nf ¼ 110:2 � 10�6 � Ef � tf � bf � le ð3:30Þ
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Neubauer and Rostàsy 1997:

Nf ¼ 0:64 � kp � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fctm � Ef � tf

p ð3:31Þ

when lb ≥ le.

Nf ¼ 0:64 � kp � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fctm � Ef � tf

p � lb
le
� 2� lb

le


 �
ð3:32Þ

when lb < le.
Khalifa et al. (1998):

Nf ¼ 110:2 � 10�6 � fck
42


 �2=3
Ef � tf � bf � le ð3:33Þ

Adhikary and Mutsuyoshi (2001):

Nf ¼ bf � lb � 0:25 � f 2=3ck


 �
ð3:34Þ

Chen and Teng 2001:

Nf ¼ 0:315 � bp � bL �
ffiffiffiffiffi
fck

p
� bf � le ð3:35Þ

De Lorenzis et al. 2001:

Nf ¼ bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � Gf

p ð3:36Þ

Yang et al. (2001) (in Lu et al. 2005):

Nf ¼ 0:5þ 0:08 �
ffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
1000

r !
� bf � le � 0:5 � fctm ð3:37Þ

Dai et al. (2005a, b):

Nf ¼ bf þ 7:4
� � � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � Ef � tf � Gf

p ð3:38Þ

Lu et al. (2005):

Nf ¼ bl � bf �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � Gf

p ð3:39Þ
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Camli and Binici 2007:

Nf ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
sf � df

p � ffiffiffiffiffiffiffiffiffiffiffi
Ef � tf

p � bf � tanh h � lb
le


 �
ð3:40Þ

Izumo (2003) (included and cited in the JCI 2003 Recommendations):

Nf ¼ 3:8 � f 2=3ck þ 15:2

 �

� lb � bf � Ef � tf � 10�3 ð3:41Þ

Iso (2003) (included and cited in the JCI 2003 Recommendations):

Nf ¼ bf � le � 0:93 � f 0:44ck ð3:42Þ

Sato (2003) (included and cited in the JCI 2003 Recommendations):

Nf ¼ bf þ 7:4
� � � le � 2:68 � f 0:2ck � Ef � tf � 10�5 ð3:43Þ

The analytical models just reported were applied without considering safe and
partial factors to allow the comparison with the experimental data collected within
the database. The details about the notation can be found in the cited papers.

Code Formulations

fib Bulletin 14 (2001)
According to the fib Bulletin 14 (2001) the maximum force which can be anchored
by the FRP is expressed by:

Nfa;max ¼ a c1 kc kb b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef tf fctm

p ð3:44Þ

where:

kb ¼ 1:06

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf

�
b

1þ bf
�
400

s
� 1 ð3:45Þ

Nfa ¼ Nfa;max
lb
lmax

2� lb
lmax


 �
for lb\lb;max ð3:46Þ
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The effective bond length is expressed by:

lb;max ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Ef tf
c2 fctm

s
ð3:47Þ

CNR-DT 200 (2004)
The Italian document CNR-DT 200 (2004) proposes a formulation similar to that

of the fib Bulletin 14 (2001); it quantifies the maximum stress in the FRP rein-
forcement as a function of the fracture energy of the FRP-concrete interface:

ffdd ¼ kcr
cf ;d

ffiffiffiffi
cc

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 Ef CFk

tf

s
ð3:48Þ

ffdd;rid ¼ ffdd
lb
le

2� lb
le


 �
for lb\le ð3:49Þ

The maximum force which can be anchored by the FRP is finally calculated
multiplying the area of the composite and the stress ffdd.

The factor kcr distinguishes between different kinds of delamination (kcr = 1 for
the end delamination, kcr = 3 for the intermediate delamination due to flexural
cracking).

The fracture energy of the FRP-concrete interface is expressed by:

CFk ¼ 0:03 kb
ffiffiffiffiffiffiffiffiffiffiffiffiffi
fck fctm

p
ð3:50Þ

where:

kb ¼ 1:06

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf

�
b

1þ bf
�
400

s
� 1 ð3:51Þ

The effective bond length is expressed by:

le ¼
ffiffiffiffiffiffiffiffiffiffiffi
Ef tf
2 fctm

s
ð3:52Þ
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The meaning of the symbols is detailed in the fib Bulletin 14 (2001), ACI
440.2R-08 (2008), and CNR-DT 200 (2004).

A new version of the Italian guidelines, CNR-DT 200 R1/2013 has been recently
published. It provides new equations that can improve the model accuracy. Among
the others, a new equation for computing the fracture energy, which has a different
values depending on the material used, the effective bond length, and the
FRP-concrete strength is provided. The maximum stress ffdd that can be carried by
the composite preventing the end plate debonding failure is calculated as:

ffdd ¼ kcr
cf ;d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 Ef CFk

tf

s
ð3:53Þ

ffdd;rid ¼ ffdd
lb
le

2� lb
le


 �
for lb\le ð3:54Þ

The fracture energy CFd is computed as:

CFd ¼ kb � kG
FC

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

p
ð3:55Þ

kb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf

�
b

1þ bf
�
b

s
� 1 ð3:56Þ

where kG ¼ 0:023 in case of pre-impregnated laminate, and kG ¼ 0:037 in case of
post-impregnated sheet. FC is an additional safety factor. In order to avoid the
intermediate crack-induced debonding failure the maximum FRP stress must be less
or equal to ffdd;2:

ffdd;2 ¼ kq
cf ;d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef

tf
� 2 � kb � kG;2

FC
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

ps
ð3:57Þ

where kG;2 is an empirical coefficient equal to 0.10, and kq ¼ 1:25 in case of
distributed load, and kq ¼ 1:0 in all other cases. The CNR-DT 200 R1/2013
computes the effective bond length, named optimum bond length, as:
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le ¼ min
1

cRd � fbd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � Ef � tf � CFd

2

r
; 200

( )
ð3:58Þ

fbd ¼ 2 � CFd

su
ð3:59Þ

where su ¼ 0:25 is the ultimate slip between the FRP and the concrete support, and
cRd ¼ 1:25 is a modification factor.

ACI 440-2R-08 (2008)
According to ACI 440.2R-08 (2008) the maximum bond strength is calculated

multiplying the maximum strain in the FRP reinforcement at the ultimate limit state
by the fibre elasticity modulus, assuming perfectly elastic behaviour. The effective
strain in FRP reinforcement is limited to the strain level at which debonding may
occur, εfd, as defined in Eq. (3.60). The ultimate strength of the structural member is
then found considering the mode of failure for an assumed neutral axis depth, as
computed in Eq. (3.61).

efd ¼ 0:41

ffiffiffiffiffiffiffiffiffiffi
f 0c

nEf tf

s
� 0:9efu ð3:60Þ

efe ¼ ecu
df � x

x


 �
� efd ð3:61Þ

ffe ¼ Ef efe ð3:62Þ

where εcu is the maximum compressive strain in the concrete, taken as 0.003; df and
x are the depth of the FRP and the neutral axis, respectively. The maximum force
which can be anchored by the FRP is finally calculated multiplying the area of the
composite and the stress ffe.

In case of shear or pure axial strengthening the maximum bond strength is
calculated multiplying the maximum strain in the FRP reinforcement at the ultimate
limit state, according to Eq. (3.63) (in case of U-Wraps or bonded face plies), by the
fibre elasticity modulus, assuming perfectly elastic behaviour as in the flexural case
(Eq. 3.64). kv is an empirical coefficient limiting the ultimate strain in the
reinforcement:

efe ¼ kv efu � 0:004 ð3:63Þ

kv ¼ k1 k2 le
11;900 efu

� 0:75 ð3:64Þ
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where k1 and k2 are taken equals to 1.0 (case of pure axial tension). The active bond
length, i.e. the length over which the majority of the bond stress is maintained, is
expressed by:

le ¼ 23;300

ðnf tf Ef Þ0:58
ð3:65Þ

Assessment of Code Formulations Pellegrino

The experimental database used for the assessment of the considered
FRP-to-concrete bond analytical models contains 410 specimens, 229 tested with
single shear test setup (Bizindavyi and Neale 1999; Chen and Teng 2001; Yao et al.
2005; Lu et al. 2005; Toutanji et al. 2007; Ceroni and Pecce 2010), including both
laminates (45 specimens) and sheets (184 specimens); 60 sheet specimens tested by
double shear test setup (Chen and Teng 2001; Lu et al. 2005; Pellegrino et al.
2008); 121 specimens tested with bending test setup (Ahmed et al. 2001; Fanning
and Kelly 2001; Rahimi and Hutchinson 2001; Smith and Teng 2002; Teng and
Yao 2007, Pellegrino et al. 2008), including both laminates (74 specimens) and
sheets (47 specimens).

In Fig. 3.25 a comparison between experimental and analytical values, obtained
by fib Bulletin 14 (2001), CNR-DT 200 (2004), ACI 440.2R-08 (2008), and
CNR-DT 200 R1/2013 for different experimental setups (single shear, double shear,
bending test), and different composite materials (laminates and sheets) is shown.

The assessment was carried out by means of a statistical procedure. The per-
formance of the analytical model for evaluating the maximum bond strength of the
FRP-concrete interface was obtained comparing the experimental values with the
corresponding analytical predictions. As usual, experimental versus theoretical
bond diagrams have been built. The values above the line Pexp/Pth = 1 (where P is
the force pulling the composite) are safe, whereas values below are unsafe. The
accuracy of the various models was assessed through the use of a coefficient of
variation (CoV), which measures the distance between the ratio Pexp/Pth and the
optimum ideal value Pexp/Pth = 1.

Using the database herein described, a comparison between experimental and
theoretical values for different experimental setups, namely single shear test, double
shear test and bending test, was performed. A comparison between experimental
and theoretical values for different composite materials, namely laminates and
sheets, was made as well.

Table 3.3 summarizes the results of the statistical analysis in terms of maximum
force carried by the FRP-concrete bond surface. The value of the CoV together with
the indication of the corresponding mean value of the ratio between the experi-
mental and theoretical value (Avg), are provided.
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The analytical formulations for the effective bond length were compared to the
experimental measurements for different material preparations (pre-impregnated
laminates and post-impregnated sheets). Since there are few works in which
the effective bond length was experimentally measured due to the practical difficulty
of the procedure, the database was comprised of 48 specimens taken from
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Fig. 3.25 Comparison between experimental and analytical values for different experimental
setups (single shear, double shear, bending test), and different composite materials (laminates and
sheets)
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Bizindavyi and Neale (1999), Pellegrino et al. (2008), Subramaniam et al. (2007,
2011), Carloni et al. (2012), Carloni and Subramaniam (2013), and Nguyen et al.
(2001).

Table 3.4 summarizes the results of the statistical analysis for the effective bond
length. The value of the CoV together with the indication of the corresponding
average value of the ratio between the experimental and theoretical value (Avg), the
standard deviation (StD), and the percentage of the overestimated length value
(OverE), are provided.

Critical Issues of Models and Experimental Procedures

Considering the analysis of the laminates and sheets together (Sheet + Laminate in
Table 3.3), the results show that the analytical formulations for the evaluation of the
FRP-concrete bond strength are sometimes non conservative. The better result in
terms of coefficient of variation (CoV) was obtained with the model proposed by
Camli and Binici (2006) although it provides more scattered results in case of
bending tests rather than single- and double-lap direct-shear tests. The ACI
440.2R-08 (2008) provides more conservative prediction in terms of maximum
FRP-concrete bond strength (Figs. 3.25 and 3.26) with respect to the other codes,
thou its accuracy is rather poor.

The statistical analysis of the various set-ups showed that some models provide
better results using the single-lap direct-shear test whereas others using the
double-lap direct-shear test, probably depending on which set-up the authors used
to formulate the model. In general, except in case of the Italian CNR-DT 200
(2004), the analytical predictions seem to be particularly inaccurate in case of
full-scale bending test. The new version of the Italian guidelines, CNR-DT 200
R1/2013, provides better results with respect to the previous version both in case of
single- (CoV = 0.44), and double-lap (CoV = 0.42) direct-shear test. When applied
to full-scale bending tests, the CNR-DT 200 R1/2013 seems to be particularly
inaccurate (CoV = 0.76), especially if compared with the result obtained with the
previous version (CoV = 0.39). The same issue arises when the analytical model of
the CNR-DT 200 R1/2013 is applied to the tests carried out using pre-impregnated
laminate (CoV = 0.91, 2.1 times higher with respect to the previous version). This
inaccuracy affects the overall results of the model (CoV = 0.55). It should be noted
that 75 % of the full-scale bending test results included within the database are
carried out using pre-impregnated laminate. For this reason it is not possible to
evaluate whether the model proposed by the CNR-DT 200 R1/2013 is inaccurate
when applied to full-scale bending tests or to pre-impregnated laminate.

Observing the effective bond length versus FRP stiffness (Ef tf ) diagram
(Fig. 3.26h) it can be seen that the predictions are good for low values of the FRP
stiffness, whereas become worse for higher values. The ACI 440.2R-08 (2008)
model showed an opposite trend with respect to the other main formulations. The
best result for effective bond length, in terms of CoV, was obtained by the new
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version of the Italian guidelines, CNR-DT 200 R1/2013, which improves the
previous model also adopted by the fib Bulletin 14 (2001) and Neubauer and
Rostasy (1997).

The results obtained show a clear influence of the test set-up on the accuracy of
the analytical models. This observation is of particular importance because it
highlights the needs of a standard shared test set-up. Furthermore, the poor accuracy
of the analytical models when applied to full-scale RC beams show the need of
further investigation on FRP strengthened RC beams.

Fib Bulletin 14 (New Formulation)

The indications provided by the most recent formulation of the fib Bulletin 14,
which are still under discussion and, thus, were not considered for the previous
assessment, are shown below for the sake of completeness. In the new draft of fib
Bulletin 14, three types of deboding failure modes, needing specific verifications,
are considered:

1. Debonding at the end anchorage zone;
2. Debonding at the end anchorage zone for Concrete Cover Delamination and

Critical Diagonal Crack debonding;
3. Debonding at intermediate cracks due to shear stresses (IC Debonding);

Debonding due to unevenness of the concrete surface is also cited, but clearly no
calculation is furnished, but only attention in the surface treatment. About the
“Debonding at the end anchorage zone”, under the hypothesis that in EBR
strengthened concrete elements the bond behaviour at the end of the reinforcement
can be assimilated to what happens in bond tests, thus assuming the interfacial shear

Table 3.4 Results of the
statistical analysis procedure
for the FRP effective bond
length carried out without
distinguish between laminate
and sheet composites

OverE (%) StD Avg CoV

CNR-DT 200/04 35 0.23 0.97 0.22

fib/01

Neubauer and Rostásy (1997)

Lu et al. (2005) 100 0.43 1.78 0.88

Chen and Teng (2001) 35 0.24 0.96 0.24

Camli and Binici (2006)

Iso (2003) 77 0.36 1.27 0.44

Sato (2003) 0 0.20 0.63 0.41

Maeda et al. (1997) 97 4.17 5.37 5.99

Khalifa et al. (1998)

ACI 440.2R (2008) 97 4.52 5.82 6.56
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stresses predominant and the normal ones negligible, the following well-known
formulation for the maximum tensile load in the FRP reinforcement
(Holzenkampfer 1994; Brosens and van Gemert 1999; Chen and Teng 2001; Teng
and Yao 2007; CNR-DT 200 2004; Seracino et al. 2004a; Yao et al. 2005; Toutanji
et al. 2007) is assumed:
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Fig. 3.26 Comparison between experimental and analytical effective bond length results a–g, and
between experimental and analytical effective bond length as the FRP stiffness increases for the
considered codes\recommendations h
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Fmax ¼ bf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � tf � Cf

p ð3:66Þ

where bf, tf, Ef are width, thickness and Young’s modulus of the external FRP
reinforcement, and Γf is the fracture energy associated to the bond law of the FRP
reinforcement-concrete interface. Such a general expression has been calibrated on
results of pull-push bond tests and the fracture energy has been assumed depending
on the compressive strength of concrete, as follows:

Cf ¼ k2b � f 2=3cm ð3:67Þ

Thus, the following formulations of the mean, ffbm, and the characteristic deb-
onding strength, ffbd, in the FRP reinforcement are proposed:

ffbm ¼ km � kb � bL �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef

tf
� f 2=3cm

s
forces in N; lengths in mm½ � ð3:68Þ

ffbk ¼ kk � kb � bL �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef

tf
� f 2=3cm

s
forces in N; lengths in mm½ � ð3:69Þ

where km = 0.250 and k0.05 = 0.170. The shape factor, kb, and the length factor, βL,
are defined as:

kb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =bc
1þ bf =bc

s
ð3:70Þ

bL ¼ Lb
Le

� 2� Lb
Le


 �
\ 1 if Lb \ Le and bL ¼ 1 if Lb [ Le ð3:71Þ

where Lb is the bonded length, bc is the concrete section width, fcm is the mean
cylinder compressive strength of concrete.

The coefficient km has been assessed using the experimental results collected in
more than 280 bond tests (Bilotta et al. 2011) on concrete elements externally
bonded with FRP plates and sheets with compressive strength fcm variable in the
range 15–62 MPa, Young’s modulus of FRP reinforcement 82÷400 GPa, thickness
of FRP reinforcement 0.083÷1.6 mm, layers of strengthening 1÷3, reinforcement—
to concrete width ratio 0.15÷1. In particular, km has been assessed by means of a
statistical procedure as the least-square coefficient minimizing the difference
between theoretical values and experimental results according to the design by
testing philosophy to determine capacity models suggested in (see Chap. 2, CEN,
1993, Eurocode 0). The value k0.05 has been then calculated under the hypothesis
that the debonding load has a normal distribution.
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In Fig. 3.27 the distribution of experimental values of maximum strain at deb-
onding collected by (Bilotta et al. 2011) is plotted in comparison with the mean and
characteristic provisions given by Eqs. (3.68) and (3.69).

Associated to the bond model given by Eqs. (3.3) and (3.4), the effective bond
length Le may be estimated by the following expressions:

Le ¼ p
kb

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
8 � f 2=3cm

s
for mean provision

ð3:72aÞ

Le ¼ 1:5 � p
kb

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
8 � f 2=3cm

s
for design provision

ð3:72bÞ

The failure mode indicated as “Debonding at the end anchorage zone for
Concrete Cover Delamination and Critical Diagonal Crack debonding”, is usually
determined by a diagonal shear crack formed near the support end of the FRP
reinforcement in the unstrengthened portion. When the distance between the FRP
reinforcement end and the adjacent beam support is very small, the failure can be
induced by the formation of a major shear crack intersecting the plate with the
detachment of a thin layer of concrete or associated to the complete concrete cover
delamination. In this case a real CDC debonding occurred due to the formation of
the critical diagonal crack in the strengthened portion. If the plate end distance is
increased, the CDC may fall outside the plated region, and only concrete cover
separation is observed. In presence of internal steel stirrups, the shear crack can
propagates below the steel stirrups and lead to the superficial debonding or to
concrete cover delamination. On the contrary, the lack of internal steel shear
reinforcement could induce the propagation of the diagonal crack along the height
of the beam. This has been often observed in experimental bending tests where
concentrated loading points are applied. Since the lacking of internal steel stirrups is

Fig. 3.27 Comparison of
experimental and theoretical
values of debonding strain
according to Eqs. (3.3) and
(3.4)
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one of the cause of such failure, the behaviour can be significantly enhanced by
shear strengthening measures, such as the use of externally bonded FRP U-shaped
jackets, that can restrain the opening-up of the shear crack as well as the separation
of the strengthening plate and the concrete cover. A variety of strength models have
been proposed for calculating the strength for such a failure (Janzse 1997; Oehlers
and Moran 1990; Smith and Teng 2002a; Oehlers et al. 2004; Gao et al. 2005; Teng
and Yao 2007; Toutanji et al. 2006); most of them are based on shear verification or
combined shear-moment verification at the end section of the FRP reinforcement.
The failure load associated to the CDC debonding or to the concrete cover
delamination should be range between the shear strength of the concrete in the
unplated beam and the full shear strength of the plated beam.

For the “Debonding at intermediate cracks due to shear stresses (IC
Debonding)”, three possible approaches are proposed: a simplified approach, an
approach based on the envelope line of tensile stress and an approach based on the
force transfer between the concrete and external FRP reinforcement.

In the simplified approach, similarly to what reported in (CNR-DT 200 2004), at
the ultimate limit state the maximum bending moment can be calculated assuming
that in the FRP reinforcement the tensile stress does not exceed the bond strength
given by the following relationship:

ffbm;IC ¼ kcr;m � ffbm ð3:73aÞ

ffbm;IC ¼ kcr;m � ffbm ð3:73bÞ

where the values of the bond strength at the end, ffbm and ffbm, are defined by
Eqs. 3.3 and 3.4 and the coefficients kcr;m and kcr;d can be taken equal to 2.0 and 1.5,
respectively, if specific data are not available.

The approach based on the envelope line of tensile stress can be complex for
design purposes, since in most cases it requires the evaluation of the tensile stress in
the FRP reinforcement in adjacent cracks and the definition of the crack spacing.
According to this approach, indeed, the stress variation, Drf , in the FRP
strengthening between two subsequent cracks should not exceed a suitable limit
value DrR, which corresponds to the maximum increase in tensile stress that can be
transferred by means of bond stresses along the cracks spacing. The value DrR
depends, in general, on the bond constitutive law, the distance between cracks, sr,
and the stress level, rf , in the FRP reinforcement under the ultimate load condition
(fib bulletin 14 2001; Teng et al. 2003; Wu and Niu 2007; Oller et al. 2009; DAfStb
2012).

To avoid the calculation of the tensile stress variation in adjacent cracks, Drf , an
alternative approach can be used (Oller et al. 2009). This approach consists of a
bending-shear interaction diagram related to IC debonding, obtained through the
limit stress variation DrR. This multi-linear diagram is obtained through the shear
and bending moment values associated to the maximum transferred force along the
crack spacing for some key points related to steel yielding in the critical cracks
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involved. This method directly compares the design shear force and bending
moment values to the IC debonding interaction diagram, but the disadvantage of
this method remains the evaluation of the crack spacing.

The approach based on the force transfer between concrete and FRP is simpler
than the previous one and does not depend on the crack spacing. This approach
implies the limitation of the interfacial shear stress resulting from the change of
tensile force along the FRP reinforcement to a certain design shear strength.
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Chapter 4
Shear Strengthening of RC Elements
by Means of EBR FRP Systems

Giorgio Monti, Tommaso D’Antino, Gian Piero Lignola,
Carlo Pellegrino and Floriana Petrone

Abstract In this chapter, a thorough review of some typical models adopted to
represent the effect of EBR FRP systems on the shear capacity of RC elements is
carried out, by comparing their advantages, their accuracy and also by highlighting
their possible weaknesses. Then, more light is shed upon the so-called “variable
angle strut model”, commonly adopted in RC structures, but whose application in
the FRP field raises some concerns. Along the same line, the formulations provided
by current Codes for the evaluation of the shear capacity of FRP-RC elements are
widely discussed and proved to overestimate the actual shear capacity. Having
assessed some of the shortcomings of such models, an alternative approach is
proposed. The final outcome is a revised model for EBR FRP shear-strengthening
that accounts for the actual contribution of steel stirrups and FRP strips/sheets to the
shear capacity, while at the same time checking the stress in concrete.
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Introduction

Strengthening a reinforced concrete beam in shear is a task full of difficulty and
should be treated with extreme care by any designer. Due to the brittle nature of
shear, the capacity of the resisting mechanism should be correctly evaluated, both
before and after the strengthening intervention.

In the assessment phase, one should be aware of the amount of transverse steel
internally placed in the beam, but even more attention should be paid to any
possible degradation and corrosion in steel, which may jeopardize the efficiency of
the stirrups. As for the details, such as the presence of hooks to correctly anchor the
stirrups, it goes without saying that these are seldom found in old structures. Old
stirrups are almost always found “open” and their effective functioning mostly
relies on bond to concrete. This implies that the current rules for evaluating the
contribution of transverse steel are, as a matter of fact, overestimating it. However,
this matter is not treated by most codes and also in this chapter we will assume that
the steel stirrups are completely effective and can actually attain yielding. After all,
since the actual contribution of concrete in existing structures is generally under-
estimated, one may accept to overestimate the contribution of steel, because the two
resisting mechanisms are working in parallel and can actually supplement each
other’s weaknesses. This should elicit the designer to a deeper attention to the
actual state of degradation of the materials before uncritically using the capacity
equations.

In the strengthening phase, if one decides to apply FRP composites to provide
the needed additional capacity, the question raises immediately: by applying FRP,
how are the existing mechanisms affected? As a matter of fact, the new resisting
mechanism is composed of three sub-mechanisms in parallel and its resulting
capacity must be studied more carefully. For example, yielding of the transverse
reinforcement cannot be given for granted anymore, since debonding of FRP can
occur when the stirrups are still elastic. Also, the concrete strut angle that has been
found in the assessment phase will certainly change and its new value will deter-
mine the strengthened shear capacity and also the failure mode. While it may seem
inappropriate to mention the “failure mode”, since shear is undoubtedly a brittle
mechanism, it is worth however to consider that a failure where stirrups are already
yielded is certainly more desirable that a failure where the stirrups are not. It can be
useful to distinguish the two ensuing failures as “pseudo-ductile” and “brittle”.
Thus, the aim of the FRP-strengthening design is that of achieving a pseudo-ductile
type of failure, where steel has yielded before FRP has debonded.

Having briefly commented on the procedure for assessment and strengthening,
this chapter starts with a review of the current formulations and models in the most
diffused codes, where the conceptual weaknesses outlined above are confirmed.
Then, their assessment is carried out with respect to a large experimental database,
where, also from the numerical standpoint, some other not fully satisfying aspects
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are highlighted. Finally, the chapter is concluded with the formulation of a new
model for FRP shear strengthening that attempts to overcome the lacunae previ-
ously identified and some indications are given for future research work.

Current Formulations and Models on Shear Strengthening
of RC Elements by Means of EBR FRP Systems

Different design approaches for strengthening the shear capacity of beams by means
of FRP are currently available in codes or guidelines. Most of these approaches rely
on models that quantify the nominal shear strength by simply adding up the con-
tributions of concrete, steel, and externally bonded FRP, thus implicitly assuming
that the FRP contribution is not influenced by the others. Typically, the following
equation is adopted:

Vn ¼ Vc þ Vs þ Vf ð4:1Þ

where Vn; Vc Vs, and Vf are the global (nominal) shear capacity of the element
considered, the shear capacity contribution provided by concrete, steel and FRP,
respectively. Several authors have focused their efforts in proposing equations for
the contribution of FRP (Vf), recommending to refer to current guidelines for un-
strengthened structures for evaluating the contributions of concrete, Vc, and steel Vs.
Thus, shear in FRP-strengthened beams is not treated rigorously, since the various
contributions are considered as separate and not interacting, as actually is the case.
Current codes for non-strengthened structures, such as Eurocode 2 (CEN 2004),
ACI 318 (ACI 2005) and fib Model Code (fib 2010) are mainly based on the
well-established truss model, but present rather different approaches for shear
design procedures as far as contributions of steel and concrete are concerned, and
assume different shear crack angles, i.e., different angles of the compressed strut in
the truss model.

The parameters having significant influence on the shear behaviour of RC
members strengthened with externally bonded FRP and the role of these parameters
in current design codes were analysed by Modifi and Chaallal (2011). One of these
parameters is the cracking angle, for which they concluded that it should be
implemented in the calculation of (Vf). Lima and Barros (2011) performed a reli-
ability analysis by means of some collected experimental data and concluded that
the experimental critical shear crack angle, hcr, depends on the existing conven-
tional shear reinforcement in the strengthened beam and may be quite different from
the values recommended by the design codes.

The assessment procedure presented in the next sections is based on the com-
parison between experimental and analytical results, considering the following
quantities:
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Vref
R;exp ¼ Vc þ Vs ð4:2Þ

Vstr
R;exp ¼ Vc þ Vs þ Vf ;exp ð4:3Þ

Vf ;exp ¼ Vstr
R;exp � Vref

R;exp ð4:4Þ

where Vref
R;exp is the experimental shear strength of the unstrengthened reference

control beam, Vstr
R;exp is the experimental shear strength of the strengthened beam,

whereas, Vc, Vs and Vf,exp are concrete, steel and FRP contributions to the global
shear strength, respectively.

A brief review of some analytical models for the shear capacity of FRP
strengthened elements is presented thereafter. The following models included in
guidelines/recommendations are considered: the model proposed by fib bulletin 14
(2001), that of the Italian National Research Council (CNR DT-200 2004) and its
revision of 2012, based on the work by Monti and Liotta (2007), and that of the
American Concrete Institute ACI 440 (2008). Other analytical models proposed by
various authors are also considered (Chen and Teng 2003a, b; Carolin and Täljsten
2005; Pellegrino and Modena 2008; Bukhari et al. 2010; Modifi and Chaallal
2011). All equations are presented using the same notation as in the original for-
mulation. A notation list is provided after each equation or a direct reference to the
relevant code is give, when necessary.

fib TG 9.3 (2001)

The analytical formulations proposed in fib TG 9.3 (2001) on shear strengthening of
RC beams are based on regression of experimental results (Triantafillou and
Antonopoulos 2000). The shear capacity of the strengthened element is calculated
as follows:

VRd ¼ minðVcd þ Vwd þ Vfd ;VRd;2Þ ð4:5Þ

Vfd ¼ 0:9 � efd;e � Efu � qf � bw � d � ðcot hþ cot aÞ � sin a ð4:6Þ

FRP fully wrapped configuration:

efd;e ¼ 0:17 � f 2=3cm

Efu � qf

 !0:30

� efu ð4:7Þ

100 G. Monti et al.



Side or U-shaped FRP jackets:

efd;e ¼ min 0:65 � f 2=3cm

Efu � qf

 !0:56

�10�3; 0:17 � f 2=3cm

Efu � qf

 !0:30

� efu
2
4

3
5 ð4:8Þ

For continuously bonded shear reinforcement of thickness tf :

qf ¼ 2 � tf � sin a=bw ð4:9Þ

For FRP reinforcement in the form of strips or sheets of width bw at spacing sf :

qf ¼ ð2 � tf =bwÞ � ðbf =sf Þ ð4:10Þ

where Vcd and Vwd are the design values of the shear capacity of concrete and
transversal steel, respectively; Vfd is the design value of FRP contribution, efd;e is
the design value of the effective FRP strain, εfu is the ultimate strain of the FRP, Efu

is the elastic modulus of the FRP in the principal fibre orientation (in GPa); fcm is
the cylinder compressive strength of concrete (in MPa); ρf is the FRP strengthening
ratio, d is the effective depth of the cross section; α is the angle between principal
fibre orientation and longitudinal axis of member; θ is the angle of the diagonal
crack with respect to the member axis.

CNR DT-200 (2004) and CNR DT-200R1 (2012)

The Italian CNR DT-200 (2004) and CNR DT-200R1 (2012) guidelines contain
provisions on FRP shear strengthening that are based on the studies of Monti and
Liotta (2007) who developed a mechanics-based model, as opposed to the
regression-based models at that time available. The shear capacity of the
strengthened element is calculated as follows:

VRd ¼ min VRd;cd þ VRd;s þ VRd; f ;VRd;max
� � ð4:11Þ

FRP side-bonding configuration

VRd; f ¼ 1
cRd

�min 0:9 � d; hwf g � ffed � 2 � tf � sin bsin h
� wf

pf
ð4:12Þ

ffed ¼ ffdd � zrid;eq
min 0:9 � d; hwf g 1� 0:6 �

ffiffiffiffiffiffiffiffiffiffiffi
leq

zrid;eq

s !2

ð4:13Þ
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zrid;eq ¼ zrid þ leq ð4:14Þ

zrid ¼ min 0:9 � d; hwf g � leq � sinb ð4:15Þ

leq ¼ sf
ffdd=Ef

� sin b ð4:16Þ

FRP U-wrapped or fully-wrapped configuration

VRd; f ¼ 1
cRd

� 0:9 � d � ffed � 2 � tf � ðcot hþ cot bÞ � wf

pf
ð4:17Þ

U-wrapped configurations

ffed ¼ ffdd � 1� 1
3
� le � sin b
min 0:9 � d; hwf g

� �
ð4:18Þ

Fully-wrapped configurations

ffed ¼ffdd � 1� 1
6
� le � sin b
min 0:9� d; hwf g

� �

þ 1
2
� uR � ffd � ffdd
� �� 1� le � inb

min 0:9� d; hwf g
� � ð4:19Þ

uR ¼ 0:2þ 1:6 � rc
bw

ð4:20Þ

0� rc
bw

� 0:5 ð4:21Þ

le ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef � tf
2 � fctm

s
ð4:22Þ

CFk ¼ 0:03 � kb �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fck � fctm

p
ð4:23Þ

kb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf

b

1þ bf
400

vuut ð4:24Þ

ffdd ¼ 1
cf ;d � ffiffiffiffi

cc
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � CFk

tf

s
ð4:25Þ
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where VRd;ct and VRd;s are the concrete and steel contributions to shear capacity
according to the current building code, and VRd; f is the FRP contribution to the
shear capacity, hw is the cross-section depth, bw is the width of the member, ffed is
the effective FRP design strength, b is the fibre angle with respect to the member
longitudinal axis, h represents the angle of shear cracks (to be assumed equal to 45°
unless a more detailed calculation is made), and wf and pf are FRP width and
spacing, respectively, measured orthogonally to the fibre direction (for FRP strips
installed one next to each other, the ratio wf/pf shall be set equal to 1.0), rc is the
corner radius of the section to be wrapped, le is the optimal bonded length, Ef and tf
are the Young’s modulus and the thickness of FRP, respectively, and fctm is the
mean tensile strength of concrete. CFk is the specific fracture energy of the FRP—
concrete interface, fck is the characteristic compressive strength of concrete, kb is a
geometric coefficient depending on both width of the strengthened beam b and
width of the FRP system bf ; bf =b� 0:33 (if bf =b\0:33, the value for kb corre-
sponding to bf =b\0:33 is adopted). For laminate/sheet end debonding it is
assumed that the provided bond length is equal to or larger than the optimal bonded
length, ffdd is the ultimate design strength. The partial factors are cf ;d ¼ 1:20 (for
FRP debonding failure mode and strengthening system with certification of each
component as well as the final product to be applied to a given support) and
cc ¼ 1:5 (concrete partial safety factor).

Main Differences Between DT-200R1 and the Previous
DT-200

The revision R1 of CNR DT-200 published in 2012 aims, first of all, at incorpo-
rating the provisions of the Italian National Building Code update of 2008, which
was issued after the first publication of DT-200 in 2004. The revised document
upgrades the theory on FRP debonding, which shear strengthening refers to.

FRP Layout

Only two layouts are considered in the revised document, in particular,
side-bonding application is not allowed, due to potential debonding problems
occurring under seismic reverse actions. Therefore, only two possible layouts are
considered: U-wrapping and full wrapping.
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Design Shear Capacity

The main differences between the two versions of DT-200 are found in the eval-
uation of the shear capacity: the 1996 and the 2008 Italian National Building Code
are based on completely different approaches for computing the design shear
capacity of unstrengthened RC members. The theoretical background moved from
superposition theory of different shear contributions, namely, concrete capacity,
transverse reinforcement capacity, of 1996 Code, to the truss analogy (either with
fixed or variable strut angle) of 2008 Code. The following equations refer to CNR
DT200/2004 (upper) and Revision 1/2012 (lower):

VRd ¼ min VRd;ct þ VRd;s þ Vrd; f ;VRd;max
� �

VRd ¼ min VRd;s þ VRd; f ;VRd;c
� � ð4:26Þ

where it can be seen that the concrete contribution VRd;ct has been removed from the
overlapping resisting mechanism, thus leaving only the steel transverse reinforce-
ment and the FRP. Crushing of the concrete strut is checked in both versions.

Optimal Anchoring Length

Slight differences are found on the optimal (or effective) anchoring length. The
following equations refer to CNR DT-200/2004 (left) and Revision 1/2012 (right):

led ¼
ffiffiffiffiffiffiffiffiffi
Ef tf
2fctm

s
led ¼ min

1
cRd fbd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2Ef tfCFd

2

r
; 200 mm

( )
ð4:27Þ

where Ef is the FRP elastic modulus, and tf is the FRP thickness; in the Revision,
clear reference is made to both the specific fracture energy CFd and the concrete
bond strength fbd ¼ 8CFdð Þ (both depending on the mean tensile strength of con-
crete fctm, which was explicitly appearing in the previous version); also, a partial
safety factor cRd has been introduced.

Specific Fracture Energy

Formal differences are found on the specific fracture energy. The following equa-
tions refer to CNR DT-200/2004 (left) and Revision 1/2012 (right):
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CFk ¼ 0:03kb
ffiffiffiffiffiffiffiffiffiffiffiffi
fck fctm

p
CFd ¼ kbkG

CF

ffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm fctm

p
ð4:28Þ

The first novel aspect is the introduction of the experimentally-calibrated coef-
ficient kG equal to 0.023 mm for preformed composites and to 0.037 mm for wet
layup, while in the previous version it was directly assumed as 0.03 mm.
Furthermore, the dependency on the compressive concrete strength is made to refer
to the mean value fcm rather than the characteristic value fck (5 % percentile).
Additionally, according to the 2008 Code for existing structures, a confidence factor
CF depending on the knowledge level achieved through on-site testing of the
structure is added. The geometric coefficient kb also has a different expression, as
seen in the next section.

Geometric Coefficient Kb

This geometric term kb accounts for the coverage of FRP (having width bf ) over the
RC member surface (having width b). The following equations refer to CNR
DT-200/2004 (left) and Revision R1/2012 (right):

kb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf

b

1þ bf
400

vuut kb ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2� bf

b

1þ bf
b

vuut ð4:29Þ

The main difference is at the denominator where bf
	
400 is replaced by bf

	
b.

Nonetheless, a major difference is in the limit range of bf
	
b: while in the previous

version it was bf
	
b� 0:33, in the revision it is bf

	
b� 0:25.

Design Value of FRP Debonding Strength

This is the fundamental design parameter in FRP strengthening. The following
equations refer to CNR DT-200/2004 (left) and Revision R1/2012 (right):

ffdd ¼ 1
cf ;d

ffiffiffiffi
cc

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EfCFk

tf

s
ffdd ¼ 1

cf ;d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EfCFd

tf

s
ð4:30Þ

The main difference is in the probabilistic value assigned to the parameters in the
equation: the specific fracture energy is defined through its design value CFd , rather
than its characteristic value CFk (5 % percentile). This results in the elimination of
the partial safety factor for concrete cc that is absorbed by that relevant to the
specific fracture energy.
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ACI 440 (2008)

The American Concrete Institute (ACI 440 2008) guidelines are based on the study
of Khalifa et al. (1998). The total shear strength is calculated as:

Vn ¼ Vc þ Vs þ wf Vf ð4:31Þ

Vf ¼ Afv � ffe � ðsin aþ cos aÞ � df
sf

ð4:32Þ

Afv ¼ 2 � n � tf � wf ð4:33Þ

ffe ¼ efe � Ef ð4:34Þ

Completely wrapped members

efe ¼ 0:004� 0:75 � efrp ð4:35Þ

k2 ¼ dfv � Le
dfv

ð4:36Þ

Two- and three-side wrapped

efe ¼ kv � efrp � 0:004 ð4:37Þ

kv ¼ k1 � k2 � Le
11;900 � efrp � 0:75 ð4:38Þ

Le ¼ 23;300

ðn � tf � Ef Þ0:58
ð4:39Þ

k1 ¼ f
0
c

27


 �2=3

ð4:40Þ

k2 ¼ dfv � 2Le
dfv

ð4:41Þ

where wf is a reduction factor, having a value of 0.95 for completely wrapped
configuration or 0.85 for two- and three-side schemes; Afv is the area of FRP shear
reinforcement with spacing sf ; ffe is effective stress in the FRP; α is the angle
between principal fibre orientation and longitudinal axis of member; df is the
effective depth of FRP reinforcement; Ef is the tensile modulus of FRP; efe is the
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effective strain level in FRP reinforcement attained at failure and is the
bond-reduction coefficient. ACI adopts a 45°-truss-angle analogy without variation
of the shear crack angle.

Eurocode 8

Eurocode 8 is devoted to the design of structures for earthquake resistance, and in
particular part 3 is devoted to the assessment and retrofitting of buildings.

Shear capacity of brittle RC members is enhanced through the application of
FRP strips or sheets applied either by fully wrapping or by bonding the strength-
ening to the sides and the soffit of the beam (U-shaped strip); it is noted that in this
code also side bonding is allowed, however, here it is not shown.

The total shear capacity, limited either by internal stirrups or externally bonded
FRP, is evaluated as the sum of the shear capacity of the existing member
(according to Eurocode 8 or 2) plus the contribution of FRP, VRd,f, determined
according to the following equation:

VRd; f ¼ 0:9d ffdd;e2tf
wf

sf


 �2

ðcot hþ cot bÞ sin b ð4:42Þ

where the geometry of the FRP strips is described by their thickness tf , their width
wf , their spacing sf , and by their angle b, while h gives the crack angle.

A crucial role is played by the design value of FRP effective debonding strength
ffdd;e, which is evaluated differently depending on the FRP layout. It is made to
depend on the effective anchorage length Le, on the internal lever arm z, on the FRP
design debonding strength ffdd , and on the FRP design tensile strength ffu;w, which is
interestingly made to depend on the radius R of the section corners rounding.

In the case of fully wrapped members it is:

ffdd;eðwÞ ¼ ffdd 1� 0:36
Le sin b

2z

� �
þ 0:5ðffu;wðRÞ � ffddÞ 1� Le sin b

z

� �
ð4:43Þ

In the case of U-wrapped members it is simply:

ffdd;eðUÞ ¼ ffdd 1� 0:36
Le sin b

z

� �
ð4:44Þ

The FRP debonding strength, given in Eq. (A.25) of EN1998-3, has approxi-
mately the same expression as in the CNR seen above.
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In any case, the total shear capacity of strengthened members should not be
larger than the maximum shear strength controlled by diagonal compression failure
in the web, VR,max (evaluated in accordance with Eurocode 2).

Chen and Teng (2003a, b)

Chen and Teng (2003a, b) models are widely used for FRP shear-strengthened
elements. They evaluate the shear capacity according to two failure modes: FRP
rupture (2003b) and FRP debonding (2003a). In case of side-bonded configurations,
debonding failure mode occurs, in case of wrapped configurations, rupture failure
mode should be considered, whereas, for U-jacketing, the shear capacity should be
evaluated according to both modes and the smallest value has to be used.

The FRP contribution to shear strength is expressed as:

Vf ¼ 2ffrp;etfrpwfrp
hfrp;eðcot hþ cot bÞ sin b

sfrp
ð4:45Þ

ffrp;e ¼ Dfrprfrp:max ð4:46Þ

FRP debonding failure mode:

rfrp:max ¼ min
ffrp

0:427� bw � bL �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Efrp�

ffiffiffi
f 0c

p
tfrp

r8<
:

9=
; ð4:47Þ

Lmax ¼ min
hfrp;e
sin b for U-jackets
hfrp;e
2 sin b for side plates

( )
ð4:48Þ

hfrp;e ¼ zb � zt ð4:49Þ

zt ¼ dfrp;t ð4:50Þ

zb ¼ 0:9 � d � ðh� dfrpÞ ð4:51Þ

bL ¼ 1 if k� 1
sin pk

2 if k\1

� 
ð4:52Þ

k ¼ Lmax

Le
ð4:53Þ

Le ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Efrp � tfrpffiffiffiffi

f 0c
p

s
ð4:54Þ
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bw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� wf =ðsf � sinbÞ
1þ wf =ðsf � sinbÞ

s
ð4:55Þ

FRP rupture failure mode:

rfrp:max ¼ min
0:8ffrp if ffrp

Efrp
� emax

0:8emaxEfrp if ffrp
Efrp

[ emax

( )
ð4:56Þ

where ffrp;e is the effective stress in the FRP intersected by the critical shear crack at
the ultimate limit state, ffrp is FRP tensile strength, β is the angle between the
principal fibre orientation and the member longitudinal axis, h is the angle of
diagonal crack with respect to the member longitudinal axis, rfrp;max is the maxi-
mum stress in the FRP and Dfrp the stress distribution factor. hfrp;e is the effective
height of the FRP, zt and zb are the coordinates of the top and bottom ends of the
effective FRP, dfrp;t is the distance from the compression face to the top edge of the
FRP, h is the height of the beam, and dfrp is the distance from the compression face
to the lower edge of the FRP (thus, dfrp ¼ h for U jackets). It is recommended to use
emax ¼ 1:5% if other specific recommendations are not available. Further details
can be found in Chen and Teng (2003a, b).

Carolin and Taljsten (2005)

The design model of Carolin and Taljsten (2005) is based on the superposition
principle of the shear contributions and the strut and tie model. The FRP contri-
bution to shear strength Vf can be expressed as:

Vf ¼ gef Ef tf z
cos h
sin a


 �
sin b ð4:57Þ

where g is a reduction factor g ¼ 0:6ð Þ, ef is the critical strain in the fibre, Ef is the
modulus of elasticity of the fibre, tf is the thickness of fibre, and z is the length of
the vertical tie in the truss, for steel stirrups usually expressed by the internal lever
arm or 0.9d. The variables a, b and θ are angles considering crack inclination, fibre
direction and the difference between them, respectively. Further details can be
found in Carolin and Taljsten (2005).
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Pellegrino and Modena (2008)

This model is based on the observed experimental shear failure due to peeling of a
triangular portion of concrete cover in U-wrapped and side-bonded FRP strength-
ened beams and takes into account the interaction between external FRP and
internal transverse steel reinforcement. FRP strains are assumed equal to those of
internal stirrups. The FRP shear contribution Vf is obtained from the rotational
equilibrium of the forces Ff and Fc operating in the FRP and concrete surface,
respectively, at failure (Figs. 4.1 and 4.2):

Vf ¼ 2nf tf Lf wf efeEf hf
sf

ð4:58Þ

where nf is the number of layers, tf is the thickness of FRP (one layer), wf is the
width of FRP, Ef is the elastic modulus of FRP in the principal fibre orientation, hf
is the vertical distance from the top edge of the FRP shear reinforcement to the
bottom of concrete cross-section, is the spacing of FRP strips and sf is the effective
strain:

efe ¼ 2fctAc cos2 ubc;v
nf tf Lf Ef

hf�le
hf

bf
ð4:59Þ

Fig. 4.1 Forces acting in the cross section of “U-jacketed” (a) and side-bonded beams (b) by
Pellegrino and Modena (2008)
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where fct is the tensile strength of concrete, Ac is the area of beam cross-section, Lf
is the length of failure surface, le is the effective bond length, while the meaning of
symbols bc;v and bf is clear from Figs. 4.1 and 4.2; and / is the angle characterizing
the conventional roughness of the interface, which is assumed equal to 79°,
according to the experimental results obtained by the authors.

An improved formulation for the contribution of the transversal steel is also
proposed for FRP shear-strengthened beams. Variable amplitude for the diagonal
crack is assumed. Furthermore, when external FRP reinforcement is applied, the
maximum stress in the internal transverse steel is assumed equal to its yielding
value only if the effective FRP strain is higher than the steel yield stress. This can
allow, with a simplified approach, to take into account the interaction between steel
and FRP. Therefore, the formulation for the steel contribution in the presence of an
external FRP reinforcement is proposed as:

Vs ¼ aqv 1� c
d

� �
cot h �minðefeEs; fyÞ

h i
bwd ð4:60Þ

where a is taken as 0,75 to take into account that the stress level in the transverse
steel varies with the diagonal crack amplitude; qv is the transverse steel ratio, fy is
the yield stress of the transverse steel, c is the depth of the neutral axis, and bw is the
width of the cross section, d is the effective depth. Further details can be found in
Pellegrino and Modena (2008).

Fig. 4.2 Shape of the fracture
surface of “U-jacketed”
(a) and side-bonded beams
(b) by Pellegrino and Modena
(2008)

4 Shear Strengthening of RC Elements by Means of EBR FRP Systems 111



Bukhari et al. (2010)

In the regression-based model the FRP contribution to shear strength is given as:

VRd;FRP ¼ Czf bwEf ðcot hþ cot bÞ sin b ð4:61Þ

C ¼ min qf efe;1; q
�
f efe;2

h i
ð4:62Þ

For side wrap:

efe;1 ¼ 0:7 40:25ðqf Ef =f
2=3
c Þ�0:7

n o
� 10�3 � 0:4efu � 0:004 ð4:63Þ

For U wrap:

efe;1 ¼ 0:8 29:14ðqf Ef =f
2=3
c Þ�0:48

n o
� 10�3 � 0:4efu � 0:004 ð4:64Þ

efe;2 ¼ min
efu
2
; 0:64

ffiffiffiffiffiffiffiffiffiffiffiffiffi
fct

Efd � tf

s
; 0:004

( )
ð4:65Þ

q�f ¼ qf ðdf � nltmax=3Þ=zf ð4:66Þ

ltmax ¼ 0:7

ffiffiffiffiffiffiffiffi
Ef tf
fctm

s
ð4:67Þ

where qf is FRP shear reinforcement ratio, n = 0 for fully wrapped sections, 1 for
U-wrap and 2 for side wrap, zf ¼ 0:9d and ltmax is the anchorage length required to
develop full anchorage capacity. Further details can be found in Bukhari et al.
(2010).

Modifi and Chaallal (2011)

The FRP contribution to shear strength is assumed as:

Vf ¼ qvEf efebdf ðcot hþ cot aÞ sin a ð4:68Þ

efe ¼ 0:31bcbLbw

ffiffiffiffiffiffiffiffiffiffiffiffi
f 0c

p
tf Ef

s
� euf ð4:69Þ
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For U-jackets:

bc ¼
0:6ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qf Ef þ qsEs
p ð4:70Þ

For side-bonded FRP:

bc ¼
0:43ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qf Ef þ qsEs
p ð4:71Þ

and:

k ¼ Lmax

Le
ð4:72Þ

Le ¼
ffiffiffiffiffiffiffiffi
Ef tf
2fct

s
ð4:73Þ

bw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� wf =sf
1þ wf =sf

s
ð4:74Þ

where qv is FRP shear reinforcement ratio, Ef is the elastic modulus of FRP in the
principal fibre orientation, df is FRP effective depth α is the angle between principal
fibre orientation and longitudinal axis of member and h is the angle of diagonal
crack with respect to the member axis. It should be noted that in the case of a
continuous FRP sheet, the FRP width (wf) and the spacing (sf) can be assumed equal
to 1. efe is the effective strain, f 0c is compressive strength of concrete, bc is the
cracking modification factor, bL is a decreasing coefficient (FRP effective anchor-
age length ratio) which represents the effect of FRP sheets having an anchorage
length shorter than the effective length Le. It is assumed bL ¼ 1 for k� 1 or bL ¼
ð2� kÞk for k\1. Lmax is the maximum available bond length, calculated as
df = sin a for U-jackets or 2 � df = sin a for side plates. Le is the effective bond length
in mm. Further details can be found in Modifi and Chaallal (2011).
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Assessment of Current Formulations and Models on Shear
Strengthening of RC Elements by Means of EBR FRP
Systems

Experimental Validation

A wide experimental database, mainly derived from Pellegrino and Modena (2008)
and Sas et al. (2009) was collected to assess the above mentioned analytical models
for shear capacity of FRP strengthened elements.

The experimental database contains values from experimental investigations on
29 beams with T-cross-section and 186 beams with rectangular cross section, in
total 215 experimental results. Material properties and geometrical parameters
obtained from experimental tests and reported in the original papers have been
considered for calculating the predictions of each model. Partial safety factors have
not been included in the calculations of the predictions of the models. The
assessment of the accuracy of codes’ predictions has been done by distinguishing
the strengthening schemes. In detail, the database contains:

65 control unstrengthened beams;
36 U-jacketed beams with stirrups;
27 U-jacketed beams without stirrups;
16 side-bonded beams with stirrups;
49 side-bonded beams without stirrups;
22 fully wrapped beams.

The overall shear strength of the RC beams has been considered for the com-
parison, to take into account the performance of the models for estimating FRP
contribution when combined with the basic models on RC elements and obtain
information about interaction between concrete, steel and FRP contributions to the
overall shear capacity. It should be noted that the accuracy of the overall shear
strength is influenced by the accuracy of both the FRP and RC design codes. The
experimental values of the overall shear strength have been directly obtained from
the tests included in the database, whereas predictions of overall shear strength have
been obtained by combining basic model codes and models for FRP strengthened
structures. Estimation of contribution of FRP (Vf) is made according to the above
mentioned models for FRP strengthening, whereas contributions of concrete, steel
and compressive strength of concrete strut in the truss model are estimated
according to basic model codes for unstrengthened RC structures (Eurocode 2, ACI
318 code and fib Model Code 2010).

The angle of the shear crack θ may have significant influence on prediction of
models, hence various values of this angle have been considered in this study.
Since ACI 318 code recommends to use the sum of concrete and steel contributions
with θ = 45°, Eurocode 2 recommends to use only the steel contribution with an
angle variable between 21.8° ≤ θ ≤ 45° (for this assessment the angle that maxi-
mized the overall shear strength, i.e. when the strength of the tie in the truss model
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is equal to that of the concrete strut, was found), and the fib Model Code recom-
mends also to use the sum of concrete and steel contributions with θ = 36°, these
three cases have been considered for the assessment. As recommended by the
codes, the compressive strength of the inclined concrete strut in the truss model is
always considered as the upper limit for the overall shear strength.

The assessment of the models considered was evaluated using the collected
database, comparing the theoretical values Vn;theo (the design value of the overall
shear strength provided by the design model) with the experimental shear strength
Vn;exp. The main statistical measures adopted in this study are the percentage of
conservative predictions, the average ratio between theoretical and experimental
values (AVG), the standard deviation (STD) and the coefficient of variation (CoV).
The coefficient of variation (CoV) is the ratio between the standard deviation and
the average value and it aims to describe the dispersion of the variable without
depending on the variable’s measurement unit. When the CoV increases, the dis-
persion of the ratio between theoretical and experimental values increases, and the
accuracy of the model decreases.

The database was divided in five groups (U-jacketed beams with stirrups;
U-jacketed beams without stirrups; side-bonded beams with stirrups; side-bonded
beams without stirrups and fully wrapped beams) to study the accuracy of the
models for FRP shear strengthened beams combined with the basic models for RC
beams for different strengthening schemes. The lack of data regarding completely
wrapped beams, probably due to its rare use in practical applications, suggested to
consider them as a single group regardless of the internal transverse steel.

In Table 4.1 values for the coefficient of variation (CoV) and the corresponding
values of average ratio between theoretical and experimental values
(AVG) obtained are summarized for various combinations of basic codes and
models for strengthened structures and angles of shear crack θ.

In general, both the Italian code CNR-DT 200 (2004), based on the model by
Monti and Liotta (2007), and the model of Pellegrino and Modena (2008) give good
results for most cases. In particular, the model of Pellegrino and Modena (2008)
gives good predictions in terms of CoV and AVG, since it takes into account the
interaction between steel and FRP contributions not only proposing a formulation
for the FRP contribution to shear strength but also for the steel contribution. It
shows good results if combined with both Eurocode 2 (2004) and fib Model Code
(2010). Starting from the model of Pellegrino and Modena (2008), a modification of
the angle characterizing the conventional roughness of the interface from its ori-
ginal value ϕ = 79° (Pellegrino and Modena 2008) to ϕ = 75°, is included to further
improve the performance of this model in terms of CoV and AVG.

In general, combining the model of Pellegrino and Modena (both original and
modified version) with Eurocode 2 for non-strengthened structures, the best pre-
dictions are obtained when the shear crack angle is assumed as θ = var i.e. for the
common shear calculation procedure in Europe. Improvement in behaviour of this
model with modification of angle ϕ from 79° to 75° can be also observed.
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The simple addition of shear components considering them as independent is
one of the assumptions that have been questioned by a number of authors. Many
authors observed that that the maximum shear contributions of steel stirrups and
FRP may not be reached simultaneously, so that their combined contribution may
be less than the sum of the respective peak values of Vf and Vs (Chen et al. 2010,
2013; Pellegrino and Modena 2002, 2006; D’Antino et al. 2012). For accurate
evaluation of the shear resistance, the determination of the maximum value of the
combined contribution of steel stirrups and FRP strips is to be recommended, since
the simultaneous use of these maximum values seems to be an unconservative
approach in the evaluation of shear strength (Chen et al. 2010, 2013). Bousselham
and Chaallal (2006, 2008), Pellegrino and Modena (2002, 2006, 2008) and
Pellegrino and Vasic (2013) have found that the amount of steel shear reinforce-
ment has a significant effect on the effectiveness of shear strengthening using FRP
strengthening. In particular, the efficiency of the FRP strengthening technique
seems to decrease with an increase in the axial rigidity ratio between the internal
steel shear reinforcement and the external FRP shear reinforcement. This is prob-
ably due to the fact that the internal stirrups, in some circumstances related to
premature debonding of the external FRP strengthening, cannot reach yielding as
assumed by the main codes for RC elements without strengthening.

Design Comparison

A reinforced concrete member with rectangular cross section is herein considered to
evaluate numerically the potential differences in the evaluation of shear capacity of
rectangular RC members strengthened by means of externally bonded FRP systems,
given by different formulations and models.

The models considered are:
CNR DT 200 (2004);
CNR DT 200R1 (2012), assuming for the concrete strut either a variable incli-

nation angle or fixed and equal to 45°;
“Eurocode 8: Design of structures for earthquake resistance—Part 3: Assessment

and retrofitting of buildings”, assuming for the concrete strut either a variable
inclination angle or fixed and equal to 45°;

ACI 440.2R-08 “Guide for the Design and Construction of Externally
Bonded FRP System for Strengthening Concrete Structures”.

The cross-section of the RC member has side dimensions b = 300 mm and
h = 500 mm (see Fig. 4.3), it is made of C20/25 concrete and yielding stress of
stirrups is 450 MPa. Stirrups D8 are considered at different spacing; a low value of
50 mm for spacing is assumed to simulate high transverse reinforcement ratio while
a high value of 300 mm is assumed to simulate reduced transverse reinforcement
ratio. Different U-wrap and fully wrapped FRP layouts are also considered, calling
for GFRP strips having width equal to spacing (100 mm), Ef = 80.7 GPa, εf = 3 %
and tf = 0.48 mm. In the case of U-wrap, the thickness of the slab (200 mm) is
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excluded from the FRP application, yielding to reduced effectiveness of the FRP on
the sides of the T beam.

The differences in terms of unstrengthened shear capacity of the RC member
(second bar), shear capacity after FRP strengthening (first bar), and the percentage
increase are reported for each formulation and model in the following figures.
A different figure is proposed for each FRP layout (U-wrapping and full wrapping,
because only these two are considered in all the formulations).

Figure 4.4 shows that if the transverse reinforcement presents a low amount (i.e.
stirrup spacing equal to 300 mm), according to CNR DT-200R1 (2012), the
strength increment due to U-Wrapped FRP is about 147 % if a fixed strut incli-
nation is assumed (equal to 45°), and it reduces to about 133 % in the case of
variable inclination (and in particular θ = 23°); however, the absolute increment is

Fig. 4.3 Cross section of RC
beam

Fig. 4.4 Shear capacity of a reinforced concrete beam with large spacing of stirrups, U-wrapped
with FRP
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higher, like as higher is the shear capacity of the unstrengthened RC member
evaluated according to a variable inclination truss model. In this sense, there is a
clear similarity with the Eurocode 8 model; in fact they have similar assumptions
for both the cases of fixed angle and of variable angle for the compressed struts.
However, the highest shear capacity is predicted by the Eurocode 8 model. It should
be noted that in Figs. 4.4, 4.5, 4.6 and 4.7 the results provided by the Italian Linee
Guida (2009) are also included.

The shear strength of FRP U-wrapped member computed according to CNR
DT-200R1 (2012) with fixed angle, is one of the lowest values predicted by the
models, being actually lower than the shear strength of the unstrengthened member
according to ACI 440 and to CNR DT 200R1 (2012) and Eurocode 8 with variable
angle.

Similarly, one of the lowest percentage increments is given by ACI 440 and
CNR DT-200R1 (2012) with variable inclination angle. The lowest increment is
given by the original formulation of CNR DT-200 (2004), having fixed strut
inclination, being almost equal to one fourth of the increment predicted by
Eurocode 8 with the same fixed angle assumption.

Figure 4.5 shows the strength increment due to fully-wrapped FRP. According to
CNR DT-200R1 (2012), the strength increment is about 215 % if a fixed strut angle
is assumed, and shear capacity is one of the lowest when FRP strengthened member
is considered; however, the percentage increment is significant. In this case, the
shear strength of the FRP-strengthened members is always higher than every single
prediction of unstrengthened shear capacity. The highest percentage increment is
obtained with Eurocode 8 with fixed angle and it is close to 300 %.

Fig. 4.5 Shear capacity of a reinforced concrete beam with large spacing of stirrups,
fully-wrapped with FRP
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In the case of fully-wrapped RC members, the lowest percentage increase is
provided by ACI 440.

In the case of high internal transverse reinforcement ratio, the shear capacity
increment obtained from FRP is expected to be reduced, mainly because the shear
capacity tends to be limited by the concrete contribution being the impact of
increasing the tensile side capacity, only marginal. However, not all the models
perform in the same way. In this case, the differences in terms of unstrengthened
shear capacity are less evident, while the shear capacity increases due to FRP
strengthening are very scattered as clearly shown for each formulation and model in
the following figures.

Both U-wrapped and fully-wrapped predictions (Figs. 4.6 and 4.7), especially
according to CNR DT-200R1 (2012) and Eurocode 8 with variable angle, present a
reduced shear percentage increase. This is totally in agreement with the previous
comments on the impact of improving the tensile side of a mechanism, potentially
already effective. This is confirmed by the angle θ reaching the threshold value of
45° in the FRP fully-wrapped configuration. In this case, in fact, the CNR
DT-200R1 provides the same shear capacity for both variable and fixed angle, when
FRP fully wrapped is considered; this implies that failure is related also to concrete
strut crushing. In this case of reduced internal stirrup spacing, ACI 440 provides
one of the highest shear capacities for the strengthened members. The highest
capacity is provided by the original formulation of CNR DT-200 (2004),
out-of-date nowadays.

Fig. 4.6 Shear capacity of a reinforced concrete beam with small spacing for stirrups, U-wrapped
with FRP
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Lacunae and Proposals of Improvement for Current
Formulations and Models on Shear Strengthening of RC
Elements by Means of EBR FRP Systems

The parametric analysis discussed above emphasized that the recently available
shear capacity predictive models provide largely scattered predictions, even though
only two main approaches are adopted: truss analogy with variable and fixed angle
for the compressed strut, and a sort of superposition of different contributions.

Even if experimental comparisons may show that the models are, on the average,
on a safe side, too high a level of underestimation of the shear capacity for RC
members may lead to over-conservative and expensive design of FRP retrofitting,
and potential too high detriment of the shear capacity predictions, even if it is a
brittle and undesired failure mode.

The main differences in the predictions of the considered models are not limited
to the percentage or absolute increments in shear capacity due to EB-FRP wrap-
ping, but also to the prediction of the shear capacity of the RC member in its
unstrengthened configuration. FRP-strengthening interventions are most likely
applied in existing old buildings, which usually show large stirrup spacing:
unfortunately, the highest scatter in different model formulation was found exactly
in those situations.

Preliminary results discussed herein seem to show that the assumption of vari-
able angle of compressed struts catches with higher accuracy the different behavior
of RC members in shear, accounting also for the internal, existing, transverse

Fig. 4.7 Shear capacity of a reinforced concrete beam with small spacing for stirrups,
fully-wrapped with FRP
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reinforcement. The selection of the angle has a strong impact on the ultimate
capacity of the RC member in shear, thus, in any assessment of unstrengthened and
strengthened capacity, the angle variability range should be the same for both
assessments. Pragmatically, some codes differentiate the assumption on the com-
pressed strut angle to take into account the seismic behavior of the structure; in a
sense, limiting the inclination angle to 45° reduces the demand on the compressed
concrete strut to account implicitly for the potential reduction of concrete capacity
due to flexural ductility demand. The validation of this assumption should be
further investigated because it is not feasible to validate a cyclic shear model by
means of monotonic static tests, as the most common experimental tests available in
the scientific literature are.

Revised Model for EBR FRP Shear-Strengthening

The literature review and the assessment of design formulations discussed in the
previous sections prove that structural models currently available cannot reliably
predict the shear strength of EBR FRP-strengthened RC elements. In fact, most of
the researchers’ effort in the last two decades has been devoted to develop models
for the accurate evaluation of FRP strips/sheets contribution to the shear capacity of
RC elements, mainly depending on the geometry of FRP and the mechanical
characteristics of both FRP and concrete. As a result, many analytical and
mechanical models are available for modeling in detail the behavior of any FRP
strengthening system and predicting its capacity, but no comprehensive model,
capable of accounting for the interaction of all the resisting mechanisms, has been
developed so far.

Trying to fill this lacuna, in this section a recently developed mechanics-based
model (Petrone and Monti 2014) will be briefly illustrated: it allows evaluating the
actual contribution of all resisting mechanisms to the shear capacity of
FRP-strengthened RC beams/columns and predicting the failure sequence between
yielding of existing transverse steel ties and debonding of FRP sheets/strips, while
monitoring the corresponding compressive stress in concrete.

The mechanical model, see Fig. 4.8, derives from the general configuration of a
RC cracked beam strengthened in shear with FRP, see Fig. 4.9: in its general form,
the model aims at representing the mechanical behavior of EBR FRP-strengthened
RC structures, for any arrangement of FRP strips/sheets and shear reinforcement.

When dealing with existing cracked structures, geometry and materials are all
known quantities. Therefore, the exact solution of the mechanical model in Fig. 4.8
can be conveniently carried out by imposing a strong compatibility condition along
the crack between FRP strips/sheets and steel stirrups and then by setting the
equilibrium condition between compressive and tensile resultant forces.

The compatibility condition allows evaluating the actual strain of each fiber of
FRP and each stirrup crossing the crack: once the strain is known, stress and
corresponding tensile forces in FRP strips/sheets and steel stirrups can be easily
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calculated. Then, the equilibrium condition gives the corresponding compressive
force in the concrete strut.

With reference to Fig. 4.10, the compatibility condition ensures that at each
location along the crack, corresponding to the x axis in the local reference system,
the strain in FRP strips and stirrups varies proportionally to the crack width wcr,
given by:

Fig. 4.8 Simplified mechanical model. From Petrone and Monti (2014)

Fig. 4.9 RC beam strengthened in shear with FRP strips: general configuration. From Petrone and
Monti (2014)

Fig. 4.10 Compatibility along the crack: FRP trip and stirrups deformation. From Petrone and
Monti (2014)
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wcr ¼ 2 � x tan c
2

ð4:75Þ

Since wcr varies with the crack opening angle c and linearly with x, the actual
contribution of FRP and steel is univocally defined by the crack opening at each
location along the crack.

The evaluation of FRP strips/sheets and steel stirrups contribution to the shear
capacity, expressed as function of x and c, is achieved by making use of the
formulations explained thereafter.

As for the FRP strips/sheets, the following relation holds:

VRf c; xð Þ ¼ 0:9d � rf;eff c; xð Þ � 2tf cot hþ cot t asð Þwf

pf
ð4:76Þ

where d ¼ h� c is the effective depth of the cross-section, rf;eff c; xð Þ is the
effective stress in the FRP, calculated according to the model proposed by Monti
and Liotta (2007), θ and tas, see Fig. 4.8, are the slopes of the crack and the FRP
strips/sheets with respect to the beam longitudinal axis, respectively, the latter
expressed as function of as, which is the slope of the stirrups, through the factor
t. Also, tf and pf are the thickness and the width of the single FRP sheet/strip,
respectively. Being wf the overall width of the FRP crossing the crack, the ratio
wf
	
pf represents the number of FRP strips/sheets crossing the crack.
As for the steel stirrups, the following relation holds:

VRs:tot c; xð Þ¼ 00:9 � zAs1

ss
cot as þ cot hð Þsinas

Xn
i¼1

rsi c; xð Þ ð4:77Þ

where As1 ¼ nbp/
2
s

	
4 is the cross-sectional area of one stirrup, nb is the number of

legs of the single stirrup and /s is the bar diameter; ss is the stirrups spacing and
rsi c; xð Þ ¼ min Esesi c; xð Þ; fym

� �
is the tensile stress in each stirrup, expressed as a

function of the strain esi c; xð Þ, given as:

esi c; xð Þ ¼ 2 � x tan c=2ð Þ
sin as þ hð Þ � La ð4:78Þ

where La represents the “bonding length” of the stirrups. Therefore each stirrups
contributes to the overall shear capacity proportionally to its actual strain, which
depend on the crack opening and on its location along the crack.

Figure 4.11a, b shows how the strain and the stress of stirrups change at varying
of the crack opening,c: it is worth noticing that the strain, which is function of the
crack width, see Eqs. (4.79) and (4.80), varies linearly along the x axis with wcr. For
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the set of parameters chosen for this analysis, that is H ¼ 400 mm; h ¼ 30�; ss ¼
100 mm; fyk ¼ 355 MPa Es ¼ 210 GPa and when c ¼ 1 � 10�3, four stirrups cross
the crack, including the first one, see Fig. 4.11a, b, located at the crack’s tip that
does not give any contribution. The second stirrup, which is the closest one to the
crack’s tip, is still in the linear branch and contributes to the shear capacity pro-
portionally to its actual strain, the third and the fourth are both yielded and, even
exhibiting different deformations, give the same maximum contribution to the shear
capacity.

Once the stress in each stirrup is known, the contribution of all of them to the
shear capacity can be easily calculated by making use of Eq. (4.77).

Figure 4.12a, showing how VRs:tot changes at varying of the crack opening,
proves that for c ¼ 1� 10�3 not all the stirrups contribute to the shear capacity
with their maximum strength and demonstrates that the hypothesis of assuming all
the stirrups as yielded can lead to unsafe overestimations of the shear capacity.
Then Fig. 4.12b clearly shows how much steel stirrups and the FRP sheet contribute
to the shear strength for an assigned configuration of the beam and a certain crack
opening, see point 1 and 2 in Fig. 4.12b.

Fig. 4.11 Strain (a) and stress (b) in each stirrup as function of the crack opening, c. Petrone e
Monti (2014)

Fig. 4.12 Actual contribution of all the stirrups (a) and the FRP sheet (b) to the shear capacity at
varying of c. Petrone e Monti (2014)
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The equilibrium condition of the resultant forces, see Fig. 4.8, allows evaluating
the magnitude of the force in the concrete strut, that is:

VRf cð Þ þ VRs:tot c; xð Þ ¼ Vc c; xð Þ ð4:79Þ

where VRf cð Þ and VRs:tot c; xð Þ have the meaning expressed above and Vc c; xð Þ is the
vertical projection of axial compressive force acting on the concrete strut. The
equilibrium condition expressed in Eq. (4.79) can be ensured, if the following
condition is met:

Vc c; xð Þ�Vc;max ð4:80Þ

that can be explicitly expressed as:

rc c; xð Þ � bwLrs sin2 h� f 0c � bwLrs sin2 h ð4:81Þ

where h, as already mentioned, is the slope of the compressive strut with respect to
the beam longitudinal axis, bw is the width of the cross section, Lrs ¼
z cot hþ cot asð Þ is the length of the representative span of the shear resisting model,
see Fig. 4.9, and f 0c ¼ 0:6fcð1� fc=250Þ is the reduced compressive strength of
concrete, calculated according to Regan (1993). Equation (4.81) can be then sim-
plified into:

rc c; xð Þ� f 0c ð4:82Þ

which is the verification of a concrete section subjected to the axial force
F ¼ Vc c; xð Þ=sin h.

Needs for Future Work

From the content of this chapter, two main fields of research appear in need of
further studies for clarifying some still unclear aspects in the assessment of the
shear capacity obtained through FRP-strengthening: one is relevant to the experi-
mental studies and the other to the development of models that are reliable and at
the same time usable for design purposes.

As far as the experimental studies are concerned, it is noted that nowadays there
is a wealth of information and data available and easily accessible to researchers to
validate their models. The next step would be to assess the effect of the axial load
on the shear capacity and, which is even more important, the effect of biaxial
loading conditions. Here, we are mainly referring to columns under seismic
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conditions, since we consider that for beams the existing database is larger than that
for columns. Many other experimental studies can be envisaged for assessing and
improving the effectiveness of construction details, such as anchorages or bonding
agents, but this attains to the sphere of industrial optimization of applications,
certainly not to the development of fundamental understanding.

The latter has had a tremendous acceleration since the first studies dating back to
the last decade, where the common approach to the description of the effects of FRP
strengthening on the shear capacity was merely based on the observation of the
experimental results and on their description through regression-based equations. In
the following years, much has been done by many authors, whose works are
reported in this chapter, to understand in depth the underlying mechanisms and thus
obtaining a better control over the variables determining the efficacy of a
strengthening design. Here, research has initially mainly focused on the contribu-
tion of FRP to shear capacity, but it has soon moved towards interpreting the
interaction with the other co-existing resisting mechanisms, of steel and concrete.

Nowadays, it is proved that the common accepted rule of assuming the shear
capacity of RC members strengthened in shear with FRP as the sum the maximum
contribution of both FRP and stirrups can lead to an unsafe overestimation of the
shear capacity. This issue has been pointed out by some authors, when comparing
experimental shear capacity values with the theoretical ones, but without giving a
convincing explanation of that. In this chapter, a model is proposed to better
understand the mechanical behavior of FRP-strengthened RC beams in shear and
calculate their shear capacity in a more appropriate manner. In fact, it has allowed
demonstrating that there are (not peculiar) situations where the steel stirrups are still
elastic when FRP debonds: in those conditions, the actual shear capacity is lower
than that computed through the purely additive formulas. This has urged a coor-
dinated research effort, currently under way, which aims at revisiting all the
available experimental data and at comparing them with the predictions of this new
formulation, with the purpose of adjusting the current design formulas.
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Chapter 5
Confinement of RC Elements by Means
of EBR FRP Systems

Stavroula Pantazopoulou, Ioannis Balafas, Dionysios Bournas,
Maurizio Guadagnini, Tommaso D’Antino, Gian Piero Lignola,
Annalisa Napoli, Carlo Pellegrino, Andrea Prota, Roberto Realfonzo
and Souzana Tastani

Abstract This chapter reviews the issues of confinement in plain and reinforced
concrete under concentric compression and summarizes the state of the art
regarding the available confinement models for strength and stress-strain behaviour
of encased confined concrete, and the corresponding magnitude of dependable
strain capacity. The mechanisms of confinement failure, the evolution of Poissons’
effects under low and high confinement, and the ensuing material compaction at
high confining pressures (plastification) are discussed. The effects of stress con-
centrations near corners, the effectiveness of layers and influence of adhesive, other
scale effects and the influence of specimen morphology on mechanical behaviour
are also outlined. Next, the chapter concentrates on the effects of embedded rein-
forcement both longitudinal and transverse. Confinement effectiveness in the
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presence of combined flexure and shear (in plastic hinge regions), local effects due
to rotation capacity increase, and effects of FRP confinement on overall member
behaviour are discussed. Shape effects that occur in hollow or oblong sections are
also considered. Furthermore, the chapter gives an outline regarding the charac-
teristics of the international database of tests for confinement, and its calibration
with the database of the available confinement models including those included in
the design standards (ACI, CNR and EC8-III).

General Aspects

The effectiveness of FRPs as a passive confining system for plain concrete has been
documented through extensive experimental research which began in the
mid-1980s (Fardis and Khalilli 1981). The success of jacketing by wrapping with
FRP layers on the lateral surface of concrete elements builds on the natural ten-
dency of concrete to expand as damage accumulates due to internal cracking.
Actually, the effective Poisson’s ratio of concrete is known to increase gradually
from the reference “elasticity” value which is near 0.25, to the “incompressibility”
limit of ν ≈ 0.5 at peak stress, and even well beyond that limit once the material
enters the state of failure past the peak point. It is now well known that concrete in
compression cannot fail (i.e., ν will not exceed the continuum mechanics incom-
pressibility limit of 0.5) unless the material volume is free to expand laterally—
thus, any form of lateral restraint to expansion, provided by any type of jacketing
scheme with a reasonable stiffness in the hoop direction will resist expansion by
mobilizing passively generated lateral confining pressures.

Initially, unreinforced cylindrical or prismatic specimens either wrapped with
FRP jackets, or encased in FRP-tubes were studied in compression. In the early
studies, variables of the investigation were the type of composite, the orientation of
fibres, the number of layers, the arrangement of wraps in strips, the cross sectional
geometry of the specimen, the chamfering radius at the corners of specimens with
rectangular cross-sections, the concrete quality, and the mode of loading (mono-
tonic or cyclic). Later, these studies were extended to include the confinement
effectiveness when FRP wraps are used in jacketing of reinforced concrete mem-
bers. Motivation was to explore the prospects of FRP-jacketing as a measure for
seismic retrofit, which became at the end of the 1990s in response to the pressing
need for fast rehabilitation of existing brittle construction after the occurrence of
significant earthquakes. For this reason, most of the experimental studies in this
area focused into lightly reinforced columns with widely spaced stirrups.

Although a variety of tests have been conducted where FRP jackets function as
confining devices, yet most of the confinement models have been derived and
calibrated with data obtained from tests of cylinders and prisms under uniaxial
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compression. Published tests have relatively small aspect ratios (height to
cross-section size around 2), dictated as a rule by the test space of compression
frames. However, even if the aspect ratios of the specimens could resemble those of
actual columns, it is relevant to note that, with regard to the typical axial
load/flexural moment interaction diagram that typifies column behaviours
(Fig. 5.1), all published tests of this type correspond to a single point, i.e. concentric
compression, marked by the red circle in Fig. 5.1b, whereas the region of design
interest is marked by the green line in the figure. This is an important disclaimer to
be recalled when confinement models are used in order to analyse usual columns,
where the axial load/flexural moment combinations lie below the point of balanced
failure (a value of axial load ratio N/(Agfco) < 0.4).

The benefits imparted by FRP confinement in actual reinforced concrete columns
concern the following aspects:

(a) Confined concrete strength, which exhibits a relatively mild increase over that
of unconfined concrete owing to the passive nature of the confining action;

(b) Impressive increase of axial strain capacity (i.e. the range of deformation that
may be developed without significant loss of strength). By convention, which
prevailed over time, the limit of deformation capacity is usually taken as the
axial strain at post-peak strength equal to 85 % of peak, and is denoted in the
literature either by ε85 or εcc,u;

(c) Significant shear strength increase and clamping action that effectively con-
fines jacketed lap splices of longitudinal reinforcement in tension, as well as
lateral restraint against buckling of embedded longitudinal reinforcement in
compression, enhanced bond in confined anchorages, significant enhancement
of displacement and rotational ductility, and postponement of undesirable
brittle modes of failure.

The main scope of this chapter focuses only on aspects (a) and (b) above,
whereas (c) refers to the seismic retrofit of lightly reinforced columns. Thus (c) will
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Fig. 5.1 a Typical axial stress versus axial and lateral strain diagram. b Axial load—flexural
moment interaction diagram of typical column
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be mentioned briefly and only with reference to the role of the confining pressure
imparted by the FRP jackets on those mechanisms that support development of the
associated full member response.

Comparison of the measured average axial compression strains between the
various types of specimens tested illustrates that jackets are most effective in circular
plain concrete specimens—here, the only occasion of jacket failure before rupture
due to attainment of the nominal strain capacity of the material occurs by debonding
over the overlap length of a wrap layer (if the anchorage of a layer is insufficient).
Jacket effectiveness is progressively lower in specimens with: (i) Square sections,
where strain concentrations at the corners induce local jacket rupture thereby
limiting the axial strain capacity of encased concrete. (ii) Rectangular sections,
because in these cases, the confinement effectiveness is reduced with increasing
aspect ratio of the cross-section, with a negligible contribution in terms of
enhancement of concrete compressive strength in wall-like cross-sections.
(iii) Hollow sections; in these sections, the interior opening enables some degree of
radial dilation thereby partly relieving the restraint to volumetric expansion that
gives rise to passive lateral confining stress.

FRP confinement effectiveness is compromised from the ideal values reported in
unreinforced jacketed column tests if the specimens are already reinforced with
longitudinal and transverse steel reinforcement, particularly when transverse stirrup
details are non-conforming with modern standards. Examples of this situation are
lightly reinforced columns with sparse spacing and inadequate anchorage of
embedded stirrups, and columns with corroded reinforcement. Jacket failure by
rupture in compressed wrapped reinforced concrete members is often attributed to
longitudinal bar buckling that occurs over the unsupported length between one or
more stirrup spacings. Following this event, failure is characterized by disintegra-
tion of the encased concrete column, with abrupt loss of load carrying capacity.
However, several counter-examples in the experimental literature, where jacketed
reinforced concrete columns have reportedly attained similar levels of strain
capacity as identical unreinforced jacketed specimens, underscore the fact that the
occurrence of bar buckling in the presence of FRP jacketing is suppressed in some
circumstances, whereas in others it prevails, thereby threatening the safety of the
rehabilitation scheme.

It is therefore essential, within the framework of performance-based strength-
ening, that FRP jacketing design details (i.e. number of layers, arrangement, and
material employed) be linked explicitly to the targeted deformation capacity of the
strengthened member, by consistently sorting through all the possible modes of
failure of the application. The scenarios above represent the characteristic response
of FRP encased columns at different ranges of values of the determining design
parameters. Note that the passive confining pressure imparted by FRP jackets is a
continuous phenomenon, linearly increasing with the axial stiffness of the jacket
(quantified as the product of the jacket thickness and its modulus of elasticity) and
inversely proportional to the dimensions of the confined member’s cross-section.
Thus, a feasible design objective would be to define a critical value for the FRP
confining pressure such that the retrofit scheme may fundamentally alter the
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structural response of lightly reinforced concrete members from brittle to ductile by
suppressing or postponing undesirable modes of failure.

A valuable test-bed for evaluation of any proposal or hypothesis in the direction
of actually controlling, by design, the performance of a retrofit is the collection of
experiments published in the literature. Several databases have been assembled
before grouping specimens from several independent investigations with reference
to some important qualifying trait (e.g. reinforced versus unreinforced, square
versus rectangular cross-sections, brittle existing details versus modern construc-
tions, different aspect ratios, different wrapping materials—glass, carbon, etc.).
These have been used systematically to support interpretations of experimental
trends or for calibration of analysis and design models for confinement. The
characteristics of the assembled database and important relevant findings are
summarized in the following section.

Database of Published Tests

Testing FRP-jacketed columns under concentric compression is the established
method for documentation of the axial stress, axial strain, and constitutive behav-
iour of confined concrete. These tests are easy to conduct and data reduction may be
easily carried out in the absence of a strain gradient on the cross-section.

The available experimental literature comprises a diverse collection of specimen
subgroups originating from different investigations. Typically, each investigation
considers a relatively small number of specimens (up to 20 on average), so parametric
influences determined through these studies only account for a small range of com-
binations of values for the important parameters. To obtain a spherical assessment of
analytical models through calibration with the test results, the boundaries posed by
the individual experimental studies need to be overcome by a collective consideration
of all the available data into a single database. In this report, two unified databases are
assembled by merging several individual databases found in the literature (listed in
the Appendix to the Chapter, Tables 5.A and 5.B (in supplementary material), along
with citations to the original experimental studies considered in assembling the
database). Criterion for inclusion of any given test is the requirement that lateral
strains have been measured on the FRP jacket, at least up to the onset of failure. This
strain measure is required so that lateral confining pressures that are responsible for
the strength and deformation capacity enhancement may be estimated and considered
explicitly during calibration of the analytical models.

Figure 5.2 outlines the range of parameter values included in the available
database of tests. Data are classified based on the shape of the specimen
cross-section and the presence or not of internal steel reinforcement. Numbers of
reported samples decrease when going from plain to reinforced concrete, or from
specimens with circular to specimens with rectangular cross-sections. Reinforced
specimens are intended to model columns with brittle details, which are the most
likely candidates for jacketing in real retrofit applications. About 2/3 of the
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Fig. 5.2 a The distribution of available tests in the database. b Concrete strength of specimens.
The axis to the right represents the percentage over the total available number, of each specimen
category. c and d Aspect ratio (height to diameter/side) of available cylindrical and prismatic
specimens. e and f Coupon failure strain (εfu) for GFRP and CFRP jackets. g and h GFRP and
CFRP jacket thickness over the total number of tests. i and j Ratio of confined to unconfined
concrete strength, normalized to lateral confining pressure at peak response, (fcc/fco)/σlat, for GFRP
and CFRP jackets respectively. k and l Ratio of confined to unconfined concrete strain at peak
stress, normalized to lateral confining pressure at peak response, (εcc/εco)/σlat, for GFRP and CFRP
jackets respectively. m and n Confinement efficiency based on tests (ke = ratio of FRP jacket
average strain/strain capacity measured from coupon tests) for glass and carbon fiber wraps
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Fig. 5.2 (continued)
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specimens studied in either group have a circular encased cross-section, whereas the
remaining specimens have rectangular cross-sections. For this reason the available
specimens are further subdivided in four subsets: (a) specimens with a circular
cross-section and without steel reinforcement, (b) specimen with a circular
cross-section and steel reinforcement, (c) specimens with a rectangular
cross-section, without steel reinforcement, and (d) specimens with a rectangular
cross-section and embedded steel reinforcement. In this database, the experimental
values of peak stress, ultimate stress, ultimate axial strain, and axial strain corre-
sponding to peak stress are included for each specimen together with the geo-
metrical characteristics of the specimen and mechanical properties of the materials
(concrete, steel and FRP). For the specimens in subsets (c) and (d), the aspect ratio
of the specimen cross section is a critical parameter of study.

More than 1000 specimens are available in the literature under the first category
(plain concrete, subsets (a) and (b)), but the number of specimens that report lateral
strain records is only around 500. Unreinforced jacketed specimens are used to
study the FRP confinement effectiveness on strength and strain capacity of plain
concrete: reported specimen failures in these cases are owing to one of the fol-
lowing causes: (i) debonding of the jacket, (ii) rupture at the corners due to stress
concentration (in rectangular cross sections), (iii) exhausting the strain capacity of
the jacket due to dilation of the encased concrete material.

Figure 5.2i, j give the ratios of confined to unconfined concrete strengths, further
normalized by the lateral confining pressure at peak load, (fcc/fco)/σlat—this variable
illustrates the strength ratio increase achieved, for each MPa of lateral confining
pressure—for example a value of the ratio equal to 0.3 means that 1 MPa pressure
will achieve 30 % confined strength increase.

0%

10%

20%

30%

40%

0

10

20

30

40

50

la
t,u

/
f
<

=
0.

3

0.
3<

la
t,u

/
f
<

=
0.

5

0.
5<

la
t,u

/
f
<

=
0.

8

0.
8<

la
t,u

/
f
<

=
0.

9

la
t,u

/
 >

0.
9

f

nu
m

be
r 

of
 s

pe
ci

m
en

s

0%
10%
20%
30%
40%
50%
60%

0
20
40
60
80

100
120
140
160
180

la
t,u

/
f
<

=
0.

3

0.
3<

la
t,u

/
f
<

=
0.

5

0.
5<

la
t,u

/
f
<

=
0.

8

0.
8<

la
t,u

/
f
<

=
0.

9

la
t,u

/
f
>

0.
9

nu
m

be
r 

of
 s

pe
ci

m
en

s

(m) (n)

Fig. 5.2 (continued)

138 S. Pantazopoulou et al.



Similarly Fig. 5.2k, l report the ratio of confined to unconfined concrete strain at
peak stress, normalized by the lateral pressure, (εcc/εco)/σlat. The variable illustrates
the strain capacity increase for each MPa of lateral pressure.

The response of FRP-encased plain-concrete typically follows a bilinear stress—
strain law, where the stiffness of the ascending branch primarily depends on the
properties of concrete, whereas the slope of the hardening branch is determined by
the stiffness of the jacket (Fig. 5.3a). Parameters studied in this database are the
jacketing material type, the number of jacket layers, the fibre orientation in the wrap
(measured by the angle of placement of the wrap weave relative to the direction of
axial compression), the layout of the jacket sheets (continuous or strips), the
strength of encased concrete, fco, and the radius of chamfer used in the corners.

A total of 150 specimens are FRP-jacketed reinforced-concrete columns (subsets
(c) and (d)). In terms of scale several specimens are simple cylinders and prisms
reinforced with embedded longitudinal and transverse reinforcement, having an
aspect ratio (height to cross-section height) of approximately 2 (specimen height is
usually around 300–400 mm whereas a typical cross-sectional dimension is in the
range of 150–200 mm; in most cases, dimensions of specimens are prescribed by
limitations in the testing equipment). End effects in such short specimens prevent
easy extrapolation of findings to the more general case of actual columns. But a
small number of specimens are full scale columns with height to section size aspect
ratio well above 2, much larger dimensions, and embedded reinforcement sizes
larger than the common example. A note on matters of scale is relevant here:
because the lateral confining pressure is proportional to the number of jacket layers
but inversely proportional to the dimension of the column cross section, it is evident
that in order to achieve the same magnitude of lateral pressure in similar specimens
of different scale, different numbers of FRP layers will be needed. For example if
n is the number of layers used in a 200 mm diameter column, theoretically, the

fc MPa

εax

E1 GPa

E2 GPa

flat

flat=flat,f +flat,st

ff fst

εax

fc MPa

νel εax

ε lat

(a) (b) (c)

Fig. 5.3 Summary of experimental trends: a Behaviour of FRP-confined plain concrete.
b Definition of effective lateral confining pressure (sum of FRP and steel contributions).
c Evolution of average lateral strain with increasing axial strain. The ratio of εlat/εax is the apparent
Poisson’s ratio. The initial value is the elastic value of ν
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number of layers required to produce the same pressure on a more realistic 400 mm
diameter column would be 2n. But, in light of the fact that with the wet lay-up
process the effectiveness of the layers goes down with the number of layers placed,
it is clear that scale issues are open and may undermine the relevance of constitutive
laws obtained and calibrated from small size column models when these are applied
to estimate the response of full scale columns.

Parameters of this experimental database include, over and above those dis-
cussed in the preceding with reference to plain concrete specimens, the reinforcing
ratios, bar diameters, and the unsupported length of primary (compressed rein-
forcement) given by the ratio s/Db, where s is the spacing of stirrups in the test
region and Db the diameter of primary reinforcement. The typical stress-strain
response curve of FRP-jacketed reinforced concrete specimens usually presents
bilinear characteristics (apparent yield and hardening plateau) reaching impressive
strain magnitudes similar to those of plain specimens. A counter-example to that is
the occasion of jacket failure by rupture in compressed wrapped reinforced concrete
members which generally occurs at low levels of axial strain, owing to longitudinal
bar buckling. This accounts for some of the scatter in the experimental values of
specimens of identical dimensions, jacketed with the same material and number of
layers; to organize the data, a criterion that quantifies the propensity for bar
buckling owing to sparse stirrup spacing is used to limit the usable strain range of
the jacket material in section “Estimation of the FRP effective ultimate strain”.

Other sources of scatter in the experimental results may be owing to the fol-
lowing factors:

• The stiffness of the compression testing frame may affect the response of the
FRP confined concrete specimen, particularly in the range of very large loads.

• The devices used for measuring both transverse and longitudinal strains, par-
ticularly regarding their ability to average the measurements over a significant
gauge length (strain-gauges are particularly likely to produce non-uniform,
localized strain values in this class of test specimens, especially in case of
rectangular sections. Non-contact laser-scanning devices have been used
recently in recording lateral strains in FRP jacketed concrete members; however,
the number of available tests is still rather small).

Behaviour of FRP-Jacketed Concrete in Uniaxial
Compression

The efficiency of FRP jacketing is gauged with reference to the enhancement
obtained from encased concrete over that of identical unconfined concrete under
compression. Observations from the database of tests support the following general
trends:

140 S. Pantazopoulou et al.



(i) The quantifiable increase in compressive strength and corresponding strain
capacity of confined concrete over that of unconfined concrete depends on the
average lateral confining pressure exerted on encased concrete by both embedded
stirrups (if any) and the outside external FRP jacket layers (Fig. 5.3b). A general
expression for the average lateral confining pressure, flat, is the following:

flat ¼ 1
2
� kfqf ;vff þ kstqstfst
� � ¼ 1

2
� kfqf ;vEf elat þ kstqstfst
� � ð5:1Þ

where, ff is the average axial stress in the jacket layers in directions orthogonal to
axial compression, εlat is the average lateral strain developing along the perimeter of
the encased column’s cross-section, fst the axial stress in the stirrups, ρfv and ρsv the
volumetric ratios of FRP-wrap and steel stirrup reinforcement, and kf, kst the cor-
responding confinement effectiveness coefficients. By definition, each confinement
effectiveness coefficient approximates the volume fraction of the encased core that
is effectively confined by the FRP jacket and the stirrups, respectively; kf is given in
EC8-III (kf = a in Eq. (A36) of that Code). A similar expression is given for the
effectiveness confinement of conventional stirrups in EC8-III (kst = a in Eq. A2 of
the Code).

Both εlat and flat in Eq. (5.1) reflect the degree of dilation experienced by con-
crete normal to the direction of axial compression (Fig. 5.3b); they are related to the
axial compression strain of the encased material, εax, through an estimate of an
apparent Poisson’s ratio, ν(εax), as follows:

elat ¼ �m eaxð Þ � eax; fst ¼ Est � elat � fy;st; ff ¼ Ef � elat ð5:2Þ

Attainment of peak concrete stress coincides with attainment of an apparent
Poisson’s ratio in the order of 0.5–1, so, if any steel stirrups exist in the encased
member, they may be assumed to have reached yielding (fst = fy,st). Based on the
current literature, the enhanced confined concrete strength, fcc, follows a very
simple relationship with confining pressure, σlat, similar to the corresponding
relationships established for conventionally confined concrete. There is a very large
collection of strength models in published literature. Some of the proposed models
are outlined in Table 5.1 for the sake of comparison. A far more exhaustive critical
review of available models is presented by Ozbakkaloglu et al. (2013). The pre-
vailing trend follows the mathematical form (Eq. 5.3):

fcc ¼ fco � bþ Kc � flat=fcoð Þa½ � ) �fcc ¼ bþ Kc � �f alat ð5:3Þ

where, the parameters b, Kc, and a have been calibrated against various databases,
depending on the manner of calculation of the lateral confining pressure, flat;
bar-quantities, �fcc; �flat, in the right hand side represent the confined strength and
lateral pressure values at peak response, normalized by the uniaxial compressive
strength of concrete, fco. Note that this general model expression for the confined
concrete strength is compatible with established models for conventionally confined
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Table 5.1 A sample of models for FRP confined concrete strength and strain capacity

Fardis and
Kahalili (1982)

�fcc ¼ 1þ 4:1 � f lat ,
�fcc ¼ 1þ 3:7 � f 0:86lat

flat ¼ 2ffuntf =D

ecc ¼ eco þ 0:001 Ef ntf
fcoD

Mirmiran and
Shahawy (1997)

�fcc ¼ 1þ 4:269 � ðf 0:59lat =fcoÞ N.A.

Karbhari and
Gao (1997)

�fcc ¼ 1þ 2:1 � f 0:87lat
ecc ¼ eco þ 0:01f lat

Kono et al.
(1998)

�fcc ¼ 1þ 0:0572 � flat ecc ¼ eco 1þ 0:14 4tf �ff
D

� �
Spoelstra and
Monti (1999)

�fcc ¼ 0:2þ 3 � f 0:5lat ecu ¼ 0:004 þ 1:4
qf ffuefu
fcc

ecu ¼ ecoð2þ 1:25 Ec
fcc
efuf

0:5
lat Þ

Toutanji (1999) �fcc ¼ 1þ 3:5 � f 0:85lat

E1 ¼ 10200f 1=3co

E2 ¼ 0:272
fco
eco

� �
ecu ¼ eco � 1þ k2 � fcc

fco
� 1

� �� 	
k2 ¼ 310:57efu þ 1:9

Xiao and Wu
(2000)

�fcc ¼ 1þ 3:24 � f 0:8lat ecc ¼ eco 1þ 17:4f
1:05
lat

h i
Campione and
Miraglia (2003)

�fcc ¼ 1þ 2 � f lat –

Ilki and
Kumbasar
(2003)

�fcc ¼ a 1þ 2:23 � f lat

 �

α = 8 for circular. Also,
�fcc ¼ a 1þ 2:29 � f 0:87lat

h i
flat ¼ 0:5kaqf ff

ecc ¼ eco 1þ 15f
0:75
lat

h i

Matthys et al.
(2005)

�fcc ¼ 1þ 2:3 � f 0:85lat

eefff � 0:6efu

ecu ¼ eco � 1þ k2 � f cc � 1
� �
 �

k2 ¼ 310:57efu þ 1:9

Kumutha et al.
(2007)

�fcc ¼ 1þ 0:93 � f lat –

Tastani et al.
(2006)

�fcc ¼ 1þ 3:1 � f lat ecc ¼ eco � 1þ 15f lat
� �

ecc;u ¼ ecu þ 0:15 � f lat � 0:05
� �

Vintzileou and
Panagiotidou
(2008)

�fcc ¼ 1þ 2:8 � f lat
f lat ¼ 0:5kfxw

xw ¼ ð4tj=dÞ � ðfje=fcoÞ
fje ¼ fjn�1=4

(n: number of FRP layers)

ecc;u ¼ cf � 0:003 � f cc
� �2� �

;

cf�GFRP ¼ 1:15

cf�CFRP ¼ 1:95

Wu et al. (2009) �fcc ¼ 1þ 2:2 � f 0:94lat
�fcc ¼ 1þ 3:2 � f lat (AFRP)

N.A.
ecu ¼ eco � 1þ 9:5f lat

� �
(AFRP)

Lam and Teng
(2003)

�fcc ¼ 1þ 3:3 � f lat for f lat � 0:07
�fcc ¼ 1 for f lat\0:07

eefff ¼ ke � efu
ke-CFRP = 0.586, ke-GFRP = 0.624 and ke-
AFRP = 0.85

ecc ¼ eco 1:75þ 6:5 � Ef

fco=eco

� �0:8 ef ;rupt
eco

� �1:45� 	

Teng et al.
(2009)

�fcc ¼ 1þ 3:5 � ðqk � 0:01Þ � qe � 1
eje ¼ 0:586efu
qk ¼ 2Ejtjeco=ðd � fcoÞ
qe ¼ eje=eco

ecu ¼ 0:0033þ 0:6 Ef

fco

� �0:8
� ef ;rupt
� �1:45� 	

(continued)
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concrete, the most well-known being that of Richart et al. (1928) which used: b = 1,
Kc = 4.1, and α = 1. Alternatives to the general expression of Eq. (5.3) are models
derived by adapting to the experimental trends the confinement model of Mander
et al. (1988), according to which:

�fcc ¼ 2:25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 7:94�flat

q
� 2�flat � 1:254 ð5:4Þ

Strain capacity enhancement of confined concrete is more difficult to estimate
and presents significant scatter; a number of alternative expressions have been
proposed to estimate the axial strain associated with attainment of peak stress, εcc.
Most of these expressions built on the original form proposed by Richart et al.
(1928), which was subsequently calibrated by several other researchers and was
eventually adopted in EC8-III (Eqn. A7).

ecc ¼ eco � 1þ 5 � fcc
fco

� 1
� �� 	

¼ eco � 1þ 5 � �fcc � 1ð Þ½ � ð5:5Þ

Substitution of Eqs. (5.3) into (5.5) (and taking the commonest b = 1) leads to:

ecc ¼ eco � 1þ 5 � bþ Kc � �f alat � 1
� �
 � � 0:002þ 0:01 � Kc � �f alat ð5:6Þ

For the post-peak “strain capacity”, εcc,u, which is the axial strain sustained by
the compressed specimen at a residual axial compressive strength equal to 85 % of
peak, expressions have been mostly calibrated from tests. A lower bound

Table 5.1 (continued)

Albanesi et al.
(2007)

f cc ¼ 1þ 3:609f lat ecu ¼ eco � 1þ 18f lat
� �

Jiang and Teng
(2007)

f cc ¼ 1þ 3:5f lat ecc ¼ eco � 1þ 17:5f
1:2
lat

� �
Girgin (2009) �fcc ¼ f lat þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sþ mf lat

q
; s ¼ 1

m ¼
2:9 for fco\20MPa

6:34� 0:076 fco for 20\fco\82MPa
0:1 for 82\fco\108MPa

8<
:

N.A.

Wu and Zhou
(2010)

�fcc ¼ f lat þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16:7
f 0:42co

� f 0:42co
16:7

� �
� f lat þ 1

r
N.A.

Fahmy and Wu
(2010)

E2 ¼ m2 � 245:61f m1
co þ 0:6728Ef

� �
fcc ¼ fco þ k1flat ; k1 ¼ af �0:3

lat

if fco � 40MPa :

a ¼ 4:5; m1 ¼ 0:5; m2 ¼ 0:83 i

otherwise:

a ¼ 3:75; m1 ¼ 0:2; m2 ¼ 1:73

ecu ¼ fcc�fco
E2
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expression for εcc,u is similar to that derived for conventionally confined concrete,
and has been obtained after calibration with the available experimental data:

ecc;u ¼ ec;u þ k � kfqf ;vEf elat þ kstqstfst
fco

� 0:1
� �

� ec;u

) ecc;u ¼ ec;u þ f � �flat � 0:05ð Þ� ec;u

ð5:7Þ

where, εc,u is the strain capacity (at 85 % residual post-peak axial compressive
strength) of unconfined concrete (in the range from 0.0035 to 0.004), whereas the
second term in the right-hand side of Eq. (5.5) is the enhancement in strain capacity
over that of unconfined concrete. Equation (5.7) recognizes that a minimum con-
fining pressure (�flat [ 0:05) would be necessary in order to have a noticeable effect
on the strain capacity. A calibrated value for λ = 0.075 (i.e., ζ = 0.15) has been
proposed in the literature (Tastani and Pantazopoulou 2007; Tastani et al. 2013).

More than 100 models have been published in the literature attempting to
quantify the strength and strain capacity of FRP-encased concrete. An exhaustive
list of most available models have been presented by Ozbakkaloglu et al. (2013); a
few samples of those expressions are listed in Table 5.1 for illustration of concepts.
The majority of the models have been obtained either after calibration of the
parameters of basic analytical expressions with the international test database, or
they are directly a result of best fit of the tests. Usually the former are referred to as
“analytical models”, whereas the latter are reported as “design-oriented”
approaches.

(ii) The effective strain in the confining jacket, εlat used in the estimation of the
confining pressure exerted by the jacket (Eq. 5.1) at the instant of attainment of
peak compressive strength of the encased concrete is not well understood. This is
the reason behind the great diversity of published models proposed for estimation of
a single phenomenon, namely the strength and deformation capacity enhancement
of FRP-confined concrete (see for example, Table 5.1). Experimental results of
axial loading tests on FRP-jacketed concrete column specimens have shown that the
FRP strain level at failure is often lower than the characteristic FRP tensile strain
capacity (Tastani and Pantazopoulou 2003; De Lorenzis and Tepfers 2003; Lignola
et al. 2008; Realfonzo and Napoli 2011; De Luca et al. 2011). This fact may be
responsible for unconservative overestimation of the member’s confined strength.
Indeed, the average absolute error of confinement models shows a remarkable
attenuation when an effective strain value—that is lower than the nominal strain
capacity of the jacket—is considered (De Lorenzis and Tepfers 2003). Many
possible reasons for this phenomenon have been suggested by different authors.

To appreciate the degree of variability obtained in the data, the phenomeno-
logical Poisson’s ratio (i.e. the ratio of reported average lateral strain value, εlat, to
the associated axial strain value, εcc) at peak stress is plotted in Fig. 5.4. Based on
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the available test data, it appears that for low levels of confinement, evidenced by
axial strain ductilities up to 5 (i.e., εcc,u/εco < 5) the value of νu ranges from around
0.5 for circular, to 1 for rectangular sections. For higher confinement levels which
enabled development of strain ductilities higher than 10, the values of νu are lower,
ranging from around 0.3 for circular, to 0.5 for rectangular sections.

As stated in the preceding, parameter εlat does not have a uniform value over the
perimeter of the compressed member’s cross-section. Peak local strain values occur
at the corners where the jacket fibres change orientation. It has been shown that
local deformation, εf,ch, which occurs at the points of chamfer, is related to local
failure phenomena (rupture at the corner); the average strain value (defined as the
normalized dimensional change of the cross-section), εf,ch

ave, has been linked to εf,ch
through simple kinematic considerations (Tastani et al. 2006).

The value of εlat, which is used in Eq. (5.1) is a mean jacket strain value that is
associated with the prevailing mode of failure from among the following basic
mechanisms of jacket resistance:

(a) Precipitation of debonding along the lap length of the exterior FRP jacket
layer, which initiates at a strain of εf

deb;
(b) The dilation limit beyond which the nominal strain capacity of the jacket

material would be overcome—this in the case of rectangular sections would occur
at the corners due to strain concentration at these points, εf

dil;
(c) Cover failure and jacket rupture owing to buckling of compressed rein-

forcement, εf
buckl.

Thus, the effective strain εlat
eff is the least jacket strain value obtained from

comparison of the above alternative scenarios for the FRP jacket and cannot exceed
the nominal deformation capacity of the material, εfu (Tastani et al. 2006, 2013;
2007).

eefff ¼ min edebf ; edilf ; ebucklf

n o
� efu ð5:8Þ

Fig. 5.4 Apparent Poisson
ratio versus axial strain
ductility at failure
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Recent work in this area explores further the issue of effective strain of the
jacket, εf

eff, which appears in Eq. (5.1) as the average lateral strain, εlat. The relevant
models and terms are discussed in the following section.

Estimation of the FRP Effective Ultimate Strain

The terms of Eq. (5.8) are needed in order to obtain a dependable estimation of the
lateral confining pressure, which critically affects the relevance and performance of
confinement models. Few models have been proposed for the individual terms
(Tastani et al. 2006; Zinno et al. 2010; Lignola et al. 2012). Whereas few studies
determine the prevailing value of εf

eff, through systematic consideration of the failure
modes, an alternative approach focuses on determining the strain efficiency factor,
ke through collective evaluation of test databases that include specimens where
lateral strains have been reported—note that the ratio of ke = εf

eff/εfu represents the
usable strain range of the material that may actually be exploited in the jacket
application as a fraction of its nominal strain capacity; in the following paragraphs
both of these approaches will be summarized for completeness (see for example
Fig. 5.2m, n).

(a) Failure strain due to FRP debonding/detachment, εf
deb

The strain at the initiation of layer detachment from its substrate as a result of bond
failure εf

deb, is controlled by the bond characteristics of the substrate, that is the
shear strength fα,u of the adhesive and the associated slip value sα,u. For elastic
response of the FRP and assuming that the elastic work for shear deformation of the
adhesive (hypothesis for uniform distribution of bond stresses along the lap length
of the exterior ply, Lf) is equal to the strain energy accumulated by the jacket along
Lf, it follows that (Fig. 5.5):

Lf

 fa,d

sa,u

fa

 Pf

Lf

fa

Pf

(a) (b)

Fig. 5.5 Detailed definition of jacket debonding length. a Overlap of a single ply for anchorage;
b Adhesive properties and stress transfer in the overlap length
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tf �
Z Lf

0

Z edebf

0
ff ðef Þ � def

 !
dx ¼

Z Lf

0

Z sa;u

0
faðsaÞ � ds

� �
dx

) edebf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
fa:u
Ef

sa;u
tf

s ð5:9Þ

Hence, the εf
deb fundamentally depends on the bond of the resin between suc-

cessive layers (Fig. 5.5b) as well as on the jacket stiffness, Εf · tf. The minimum
required anchorage length Lf,min that is necessary for the development of bond
strength fa,u, is defined from force equilibrium along the anchorage (i.e. tf Ef

εf
deb = Lf,min · fa,u) by using Eq. (5.10):

Lf ;min ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sa;uEf tf =fa;u

q
ð5:10Þ

In the absence of detailed information, typical values of the adhesive bond—slip
law may be used for the calculation of the εf

deb (i.e., fα,u = 5 ΜPa and sα,u = 1 mm;
for Ef = 170 GPa and tf = 0.2 mm Eqs. (5.9) and (5.10) result in 85 mm of required
anchorage length, and a debonding strain of 0.012). Figure 5.6 summarizes the
strain values at failure of a selected group of specimens in the database. Points in
Fig. 5.6a below the equal value line correspond to failures by dilation of the
encased concrete core, whereas points above the equal line denote failures by jacket
debonding; measured jacket strains at column failures are lower than the available
strain capacity of the jacket material as evidenced in Fig. 5.6b, which plots data
from plain specimens (empty squares and circles correspond to the corresponding
cross sectional shapes) and the same trend is also seen in reinforced specimens
(solid squares and circles correspond to the associated cross sectional shapes).
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Fig. 5.6 a Comparison of jacket strain at column failure with theoretical jacket debonding strain
(Eq. 5.9) and b nominal jacket strain capacity, εfu, (from coupon tests). Index r—corresponds to
reinforced specimens
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Thus, based on the data, FRP jacket layer detachment is a rare mode of failure in
the specimens retained in the database. Regarding the minimum anchorage length,
the experimental practice has shown that detachment failure can be averted if the
last layer has anchorage length equal to the side dimension of the structural
member. Thus, Eq. (5.10) can be used for design of FRP strengthening by intro-
ducing a safety factor γLf ≥ 2.

(b) Effective lateral strain at jacket debonding, εf
eff

Considering premature rupture of the jackets at the corners owing to stress con-
centrations and combined possible debonding at the free ends of the wrap layers,
Zinno et al. (2010) proposed the following expression for the effective strain:

eefff ¼ min
e2cL � 1
1þ e2cL

su;
1
tac

rnu

 �
� 1þ n
Ef tnc

ð5:11Þ

where τu and σnu are, respectively, the interfacial shear and normal stress capacity,
L is the overlapping length and n is the number of FRP plies. Then,

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ga

ta
� nþ 1

Ef nt

� ��
1þ t

Ga

ta
� 5þ 3n

12G

� �� �s
ð5:12Þ

where t and tα are, respectively, the FRP single ply and adhesive/resin thicknesses
and G and Gα are the corresponding shear moduli, respectively. An example of the
provisions of the model is shown in Fig. 5.7a.

Clearly there is a theoretical background for the concept of an efficiency factor
for the FRP jacket strain. However, providing a recommended value for this
parameter is hampered by the limited understanding of its dependencies to many
physical aspects of the problem.

According to the model proposed by Zinno et al. (2010) the effective FRP strain
does not simply depend on the total thickness and elastic modulus of the jacket.
Rather, the experimental evidence conclusively points to a greater dependence on
the number of layers rather than the individual layer thickness. To reflect this
finding the Greek code for Retrofitting (KAN.EPE 2012) adopted already from its
2008 edition, an efficiency factor ke = n−1/4 for n ≥ 4, where n is the number of wrap
layers according to the work of Vintzileou and Panagiotidou (2008, see model in
Table 5.1). Additional findings are: (i) the dependence on elastic modulus is
non-linear, (ii) the values of shear modulus could determine FRP ultimate strain
variations if they are below approximately 15 GPa; and (iii) if the overlapping
length exceeds a minimum value the ultimate FRP strain becomes insensitive to this
parameter. This last observation concurs with Eq. (5.8) which implicitly associates
the limiting strain to the weakest mode of failure; stronger modes are irrelevant and
do not affect the limiting FRP jacket strain.

It is also clear that the thickness and mechanical properties of the resin layers are
crucial parameters. However, the details of the resin adopted in tests are rarely
given in the experimental reports. As an emerging research need, it will be essential
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if this kind of data will be also collected and published in the future experimental
works on FRP concrete confinement. The model described provides the least
estimate for the first and second terms of Eq. (5.8); when combined with models
accounting for other premature failure modes it may be used to quantify the
effective FRP strain for jacketing design. It is recalled that this value is, in many
cases, much lower than the value given by the flat coupon tests of the FRP material
(Eq. 5.8).

(c) Effective lateral strain at jacket rupture due to concrete core dilation, εf
dil

Figure 5.4 illustrates that there is a systematic relationship between the FRP
effective strain at peak confined concrete stress and concrete axial strain—referred
here as the phenomenal or apparent value of the Poisson’s ratio, ν = εf

dil/εcc,u. For the
estimation of a limiting effective strain associated with FRP rupture due to the
dilation of the encased core, εf

dil, the other two variables (i.e., νu and εcc,u) of the
above ratio need to be defined. From the arrangement of the points in Fig. 5.4, it is
clear that the data may be classified according with the magnitude of confinement in
three discrete categories of confinement, namely lightly confined specimens
(flat < 0.2 fco), moderately confined specimens (0.2 fco < flat < 0.5 fco), and highly
confined specimens (0.5 fco < flat). Note the corresponding range in the values of
developed strain ductilities: (a) Lightly confined cases developed strain ductilities
μεcc,u = εcc,u/εco < 5, indicating a limited confined axial strain capacity because of
the light confinement, and an associated apparent νu value in the range from 0.5 and
1 (i.e., intensely dilative behaviour). (b) Moderately confined specimens exhibited
adequate compression strain ductilities (in a range of 5–15) due to the noticeable
confining pressure, with an apparent νu value around 0.5 (i.e., controlled dilation).

Rch

Fj =ntf ⋅ Ef ⋅ ch

Fj

σlat

L= Rch /2

(a) (b)

Fig. 5.7 a Influence of FRP thickness on FRP hoop strain. b Stress concentration on FRP along
the chamfered corner of specimen
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(c) Highly confined specimens demonstrated large axial strain ductility (between 15
and 30) and very limited dilation, with the mean value of νu in the range of 0.3. This
response also occurred in moderately confined specimens (flat ≈ 0.4 fco). Most of
specimens in the third category had an FRP jacket composed by over 4 layers.

For practical design, νu should be taken equal to 0.5 for low and moderate
confining pressures (flat < 0.5 fco), which conservatively yields an axial compression
strain ductility up to 10 (i.e. εcc,u/εco < 10), whereas for high pressure (flat > 0.5 fco
and εcc,u/εco > 10) the recommended value is νu = 0.3.

(d) Effective FRP strain at failure due to lateral stress concentration, εf,ch
Rounding off the corners is meant to mitigate lateral stress concentrations which
occur due to the change in direction of the jacket fibers around the corners. By
establishing force equilibrium the magnitude of this pressure is (Fig. 5.7b, Tastani
et al. 2013):

rlat ¼ ð2
ffiffiffi
2

p
=pÞ � ðntf =RchÞ � Ef ef ;ch ¼ 0:9ðntf =RchÞ � Ef ef ;ch ð5:13Þ

This pressure is proportional to the jacket stiffness (ntfEf), and to the lateral local
FRP strain. It follows that for a given magnitude of FRP strain εf,ch < εfu, increasing
the jacket stiffness (ntfEf) increases the intensity of the local stress concentration,
which however is relieved by increasing parameter Rch.

The local strain εf,ch at specimen corners and in the middle distance between
successive stirrups is defined through the magnitude of maximum buckled bar
lateral deflection w (from its original straight axis) assuming polar coordinates as, εf,
ch = w/Rch. As the bar is bent outwards it imposes compressive lateral stresses on
the concrete cover, which are undertaken by the FRP jacket by developing tensile
forces (Fig. 5.7b). By using this definition of strain εf,ch in Eq. (5.13) it follows:

rlat ¼ 0:9 � Ej � ðntf =R2
chÞ � w ð5:14Þ

From Eq. (5.14) it is evident that the increase of parameter Rch results in lower
stress intensity values at the corners and thus it is possible for the FRP material to
develop its strain capacity due to outwards bending of the compression bars without
local concrete crushing of the cover due to bar bending in the lateral direction.

(e) Strain Efficiency Factor based of Experimental Evidence, ke
Barring any undesirable failures implied by the last two terms of Eq. (5.8), namely
failures by debonding and due to stress-concentrations in corners, Realfonzo et al.
(2011) carried out a statistical analysis of the strain efficiency factor, ke, in order to
define the usable value of εf

eff from the nominal FRP strain reported from flat coupon
tests. The statistical analysis was performed by considering a specialized database
of tests published in the literature—for which the jacket ultimate strain εf,u was
available, i.e. 98 and 52 test specimens for CFRP and GFRP systems, respectively.

The evaluation considered the average value (kem), the standard deviation (σke),
the coefficient of variation (CV), and the skewness (γ1) and the kurtosis (γ2); these
variables were computed from the test results. Note that parameter γ1 is a measure
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of the asymmetry of the ke distribution, while γ2 provides a measure of its
“peakedness”. In particular, when the ke distribution is characterized by a tail to the
right, the value of γ1 is negative; if it has a tail to the left the skewness is positive.
A positive value of γ2, instead, implies that the distribution has an acute peak
around the mean and fat tails; conversely, a negative value identifies a distribution
with a wide peak and thin tails.

Table 5.2 summarizes results from the statistical analysis for ke. Initially all data
sets were considered, i.e. disregarding the dependence on the compression strength
of the unconfined concrete, fco (i.e. 150 test sets for CFRP and GFRP confined
specimens comprising 98 specimens for CFRP confined cylinders and 52 speci-
mens for GFRP confined specimens). The analysis was then performed by con-
sidering the dependence of ke on fco values. In this case, three different strength
ranges were considered, labelled as low strength concrete (LSC), normal strength
concrete (NSC) and high strength concrete (HSC). For the last two groups the
analysis was conducted considering CFRP and GFRP confined specimens together
(42 specimens for NSC; 16 for HSC). More emphasis was given to data in the LSC
concrete range, since such types of concretes are generally found in the types of
existing buildings where retrofitting by FRP confinement would be mostly needed.
Within this group, the statistical study was performed considering the data
belonging to only CFRP (NC = 62), to only GFRP (NG = 29) and to both types of
FRP systems (Ntot = 91).

By focusing on the results obtained for LSC concrete it is observed that, within
this range, CFRP and GFRP systems give rise to slightly different values of kem (0.63
and 0.68, respectively), which are associated with a significant reduction of the data
scatter especially in the case of the glass fibres; instead, disregarding the type offibre,
a mean value of the strain efficiency factor equal to 0.65 has been evaluated.

This result is illustrated in Fig. 5.8a where the probability density function of ke—
by assuming a Gaussian distribution—is plotted. The figure shows that the shape of
the ke distribution is sensitive to the type of FRP system; in particular, higher scatters
are computed for GFRP systems so that a greater uncertainty in the prediction of the
experimental data is associated with the use of glass fibers. Figure 5.8b shows the
dependence of ke on the FRP confining stiffness (kconf). It is noted that the best fit
curve is obtained by considering only the experimental specimens having kconf/fco > 5
(as recommended by Matthys et al. 2005). The best-fit curves proposed by Matthys
et al. 2000, 2005 are also plotted. The mean value of ke was equal to 0.65 when
considering all the 91 specimens belonging to the LSC and MSC range (Table 5.2).

From the results it is concluded that the experimental trends are marked by
significant scatter, with the strain efficiency ke decreasing slightly with increasing
confining stiffness, regardless of the concrete strength range considered.

(f) Evaluating the Strain Efficiency Factor from Constitutive Models for the
Jacket

Another model for the strain efficiency factor was proposed recently by Lignola
et al. (2012). Here the effects of the three-dimensional state of stress in the jacket and
of the curvature at the rounded corners of rectangular cross-sections are considered.
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The model is derived from first principles (accounting for equilibrium, compatibility,
constitutive relationships and a 3D failure criterion (Tsai–Hill) for FRP composites).
Results for εf

eff are obtained iteratively. To avoid iteration required by the original
algorithm, in a more recent version it is proposed that bond between concrete and the
FRP jacket be neglected, providing a direct closed form solution:

ke ¼ ð¼ bÞ ¼

¼ 1� mTLmLT þ mTL�mLT
tf
R þ mLT

tf
R


 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ fh

fr
tf
R þ fh

fr
tf
R

� �2
þmTL

fh
fz

� �2
1� tf

R

� �2� 1� tf
R

� � fh
fr
þ 1� tf

R

� � tf f 2h
R frfz

� 	s ð5:15Þ

where νTL = νLT·ET/EL is the orthotropic Poisson’s ratio and EL and ET are the
transverse and longitudinal elastic moduli of the jacket, respectively. The longitu-
dinal (circumferential) and transverse (vertical or radial) strengths of the jacket are
fθ and fr ≈ fz, respectively. These properties have a major impact on the value of ke,
and should be recorded during the tests. In the absence of values for the orthotropic
properties, average values were adopted (Lignola et al. 2012) leading to the
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illustrative results shown in Fig. 5.9. Although the properties of the FRP systems
used in tests are rarely listed in detail, clearly such properties appear to have an
influence on the performance of FRP wrapping onsite.

Reduced Jacket Effectiveness Due to Pore Compaction
of Confined Concrete

Equations (5.6) and (5.7) suggest a linearly increasing relationship between con-
fined concrete strain capacity and lateral confining pressure. This relationship
performs adequately up to the range of moderate confinements with some tendency
for overestimation, which deteriorates for higher confining pressures (Fig. 5.10a).

Fig. 5.10 Correlation between experimental values and analytical calculations adopting the
compaction model for axial strain εcc,u a without consideration of compaction, b when compaction
is considered

154 S. Pantazopoulou et al.



From analysis of the available strain records at failure of highly confined specimens
it follows that they did not exhibit volumetric dilation but contraction (also seen at
moderate pressures for lower concrete qualities).

Note that a Poisson’s ratio of νu = 0.5 or more in the lightly confined cases
indicates that the lateral strain is higher than the axial strain owing to the formation
of discrete cracks parallel to the compressive load; a lower value of νu = 0.3 or less
in the highly confined cases indicates that the axial compressive strain is signifi-
cantly greater than the lateral expansion; thus the specimen demonstrates volu-
metric compaction which is accompanied with pulverization, i.e. collapse of the
concrete micro-structure at advanced level of deformation. This behaviour has been
already recognized as compaction of the porous concrete matrix—see the differ-
ences in the fracture patterns of highly confined and lightly confined examples in
Fig. 5.11.

Tastani et al. (2013) proposed an amendment to the value of effective confining
pressure, given by Eq. (5.1) to correct for the reduced passive action owing to
compaction. This is done by modifying the confining effectiveness coefficients, kf
and kst, to reflect the lower values of mobilized lateral pressure when compaction
occurs. Therefore:

kconf
�

i ¼ kconfi

.
1þ ePA

�
eco

� �
; i ¼ f ; st ð5:16Þ

where εA
p = 2εlat

p is the area plastic strain that is considered as a damage index of the
cross section (εlat

p is the plastic component of the ultimate lateral strain). According
to the above, Eq. (5.7) is reformulated as follows (where εlat,ccu

* = εlat,ccu – εlat
p):

ecc;u ¼ ecu þ 0:075 � kconf �f qfvEf e
�
lat;ccu þ kconf �st qsvfyst

� �.
fc � 0:1

h i
ð5:17Þ

Comparison between Figs. 5.10a, b, where with the introduced correction it is
shown that overestimation of strain capacity is substantially reduced with the
data-points clustered near the equal value line, demonstrates that compaction of the

Fig. 5.11 Comparison of highly and lightly confined concrete appearance after jacket rupture
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microstructure of the material at high levels of confinement ought to be considered
in confinement models, particularly when estimating strength and deformation
capacity of the confined member for design applications.

Confinement Models from Design Codes (CNR, ACI,
EC8-III, Fib)

Some of the models described in the literature were adopted in Design Code
documents such as the CNR, ACI, EC8-III and in some relevant fib Bulletins (e.g.
fib Bulletin 14 2001). For the sake of completeness of presentation the corre-
sponding design expressions are outlined briefly in the following:

(a) fib Bulletin 14 (2001): The model is based on an iterative procedure that leads
to the evaluation of the peak strain εcc and peak axial strength fcc:

ecc ¼ ecc;Mander
Esec Eco � Esec;u
� �

Eec;u Eco � Eecð Þ
� 	1�Esec

Eco

fcc ¼ Eec;uecc

ð5:18Þ

where εcc,Mander is defined according with Eq. (5.5) (i.e. originating from Richart
et al. 1928). In the case of rectangular columns the confinement pressure is the
minimum of the confinement pressures developed in the two principal directions
x and y. The confinement pressure is defined from:

fli ¼ qfikf Ef efu;

where kf ¼ 1� b� 2Rchð Þ2þ h� 2Rchð Þ2
3Ag 1� qlð Þ

ð5:19Þ

and i indicates the direction (x or y) considered. The confined concrete axial
compressive strength and associated strain may also be approximated from:

fcc
fco

¼ 0:2þ 3

ffiffiffiffiffiffi
flat
fco

s

ecc
eco

¼ 2þ 1:25
Eco

fco
efu

ffiffiffiffiffiffi
flat
fco

s ð5:20Þ

(b) ACI Committee 440.2R-08 (2008): This model extends to the case of FRP
confinement the model proposed by Mander et al. (1988) for the case of internal
steel confinement (flat is the confining pressure). For circular cross-sections the
confined strength and corresponding axial strain are given by:
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fcc
fco

¼ 2:25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 7:9

flat
fco

s
� 2

flat
fco

� 1:25

ecc ¼ 1:17 5fcc � 4fcoð Þ
Ec

ð5:21Þ

(c) CNR-DT 200/2004 (2004): Italian recommendations do not provide a closed
form expression either for the confined stress-strain response or for the ultimate
axial strain. The design compressive strength for confined concrete is given by:

fcc;d
fc;d

¼ 1þ 2:6
ff ;eff
fc;d

� �2=3

ð5:22Þ

where, fc,d is the design strength of un-confined concrete, and ff,eff is the effective
confining pressure given by:

ff ;eff ¼ keff flat ð5:23aÞ

flat ¼ 0:5qf Ef efd;red ð5:23bÞ

Parameter εfd,red is the reduced design strain of the composite, and keff is the
coefficient of effectiveness computed as a product of a vertical, kV, horizontal, kH,
and inclined, kα, effectiveness coefficients:

efd;red ¼ min gaefk=cf ; 0:004
� � ð5:23cÞ

keff ¼ kHkVka ð5:23dÞ

(d) KAN.EPE 2012 (Greek code for Retrofitting): The Greek recommendations
distinguish the confined concrete strength and the associated strain for circular and
prismatic cross-sections through the safety factors γFRP depending on whether
CFRP or GFRP jacketing material is used, respectively, as follows:

fcc;d ¼ fc;d � ð1:125þ 1:25 � kf � xwdÞ
ecc ¼ cFRP � 0:0035 � ðfcc;d=fc;dÞ2

ð5:24aÞ

where fc,d is the unconfined compressive design strength of concrete (equal to 60 %
of the characteristic uniaxial concrete strength), fcc,d is the design confined concrete
compressive strength, γFRP = 1 and 2 for CFRP and GFRP, respectively, whereas kf
is the coefficient of confinement effectiveness (see Eq. 5.19), and ωwd is the
mechanical ratio of confining reinforcement. In calculating its value, note that it is
taken equal to the product of the volumetric ratio of the jacket (tj is the jacket
thickness and d the size of the cross section for continuous jackets), fj,eff is the
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effective jacket stress which is taken equal to the nominal strength of the jacket
material, and n the number of plies used in the jacket.

xw ¼ ð4tj=dÞ � ðfj;eff =fcoÞ
fj;eff ¼ fjn

�1=4
ð5:24bÞ

(e) EC 8-III (2005): The Eurocode 8 (Assessment & Retrofit) recommends the
following Eqs. (5.25a) and (5.25b) for the definition of the confined concrete
strength and the associated strain (εcc) as well as the strain capacity (εcu), where εf,eff
is lower than the jacket strain at rapture (εfu).

fcc ¼ fco 1þ 3:7
keffqf ff ;eff

fco

� �0:86
" #

ð5:25aÞ

ff ;eff ¼ keff
2tf
D

Ef ef ;eff

ecc ¼ eco � 1þ 5 � fcc
fco

� 1
� �� 	

ecu ¼ 0:004þ 0:5
keffqf ff ;eff

fcc

ð5:25bÞ

where for circular section keff = 1, for rectangular keff ¼ 2Rch
D and for strips

keff ¼ 1� sf
2D

� �2

Confined Strength Formulae for Jacketed Reinforced
Concrete Columns—Considering the Interaction
with Reinforcement

The interaction between internal steel reinforcement and external FRP is particu-
larly important when considering practical retrofit applications. The first few ana-
lytical models available in the literature (e.g. fib 2001; ACI 2002; CNR 2004) were
mainly calibrated through experimental studies that do not consider the influence of
the existing steel reinforcement on the structural behaviour of the FRP confined
element. These models correlated the increase of strength and ductility with the
confinement pressure provided with the FRP strengthening only, hence neglecting
the eventual contribution of the internal transverse steel reinforcement. Only some
of the most recent analytical models (Kawashima et al. 2000; Li et al. 2003; Harajli
et al. 2006; Tastani et al. 2006; Ilki et al. 2008; Pellegrino and Modena 2010)
estimate the total confinement pressure as the sum of the confinement pressure due
to the external FRP jacketing, flat,f, and the confinement pressure due to the internal
transverse steel reinforcement (stirrups or spirals), flat,st, whenever such is present.
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For example, the models by Megalooikonomou et al. (2011) and Pellegrino and
Modena (2010) take explicitly into account the interaction between FRP and steel
contemporary confinement actions and its influence on the effectiveness of the FRP
confinement. This interaction can be particularly important since internal steel
reinforcement configuration influences concrete cracking patterns at failure and
therefore the efficiency of FRP strengthening technique in terms of ultimate
capacity and ductility.

A brief review of some of the analytical models that explicitly account for
embedded steel reinforcement is given in this section to provide context of the
relevant issues.

(a) Li et al. (2003)
This model is only applicable to circular columns confined through CFRP with or
without internal steel reinforcement. The confined concrete strength is given by:

fcc ¼ fco þ flat � tg 45	 þ /
2

� �
ð5:26aÞ

where flat is the total confinement pressure calculated as the sum of the contribution
of the internal steel and the external FRP. The friction angle ϕ and the peak axial
strain are defined by:

/ ¼ 36	 þ 1 � fco
35

� �
� 45	 ð5:26bÞ

ecc ¼ eco 1þ a � tg2 45	 þ /=2ð Þ flat
fco

� 	
ð5:26cÞ

where εco = 0.002 and α = 2.24. Finally, the stress-strain relation is given by:

fcðecÞ ¼ fcc � ec
ecc

� �2

þ2
ec
ecc

� �" #
ð5:26dÞ

(b) Harajli et al. (2006)
This model is valid for both circular and rectangular columns. The peak com-
pressive strength of the element confined is:

fcc ¼ f
0
co þ k1flat;f þ k1flat;stAcc=Ag ð5:27aÞ

flat;f ¼
kef kvfqf Ef

2

� �
elat ð5:27bÞ

flat;st ¼ keskvsqst
2

� �
fyt ð5:27cÞ
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k1 ¼ 1:25
flat;f þ flat;stAcc=Ag

fco

� ��0:5

ð5:27dÞ

The peak axial strain is computed as:

ecc ¼ eco 1þ k2
fcc
fco

� 1
� �� 	

ð5:27eÞ

where eco ¼ 0:002 and k2 ¼ 25800e1:17h=b

qf Ef
� �0:83

 !
elat þ 2:0 ð5:27fÞ

(c) Tastani et al. (2006, 2008)
This model computes the ultimate strength of an FRP confined concrete element as
given by Eqs. (5.3) and (5.6) for peak strength and the associated strain at the peak
point. Strain capacity is given by Eq. (5.7) after amending for the effects of com-
paction due to collapse of the material structure according with Eq. (5.16). The
effective lateral average strain in the jacket is obtained from Eq. (5.8) considering
both the risk of debonding, stress concentrations at the corners in rectangular
cross-sections, and the risk of bar buckling (Fig. 5.12). Lateral confining pressure
explicitly accounts for both contributions of the FRP jacket and the embedded steel
reinforcement; each mechanism of confinement has an effectiveness coefficient
defined according with the codes (see section “Confinement models from design
codes (CNR, ACI, EC8-III, fib)” and Eq. (5.19) for kf).

The contribution of longitudinal compression reinforcement in resisting axial
load is limited by considerations about bar buckling; here the methodology involves
the following steps:

Step 1. For an axially compressed, FRP-confined reinforced concrete member
under axial compressive strain of εc, the bar axial compressive stress, fs, and tangent

Fig. 5.12 FRP jacket rupture due to bar buckling
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modulus Eh, are estimated from the bar stress strain relationship (state determina-
tion). The critical normalized unsupported length is calculated as r ¼ 1:5

ffiffiffiffiffiffiffiffiffiffiffi
Eh=fs

p
and the value is checked against the available s/Db value (where s is the spacing of
stirrups and Db the bar diameter). When r > s/Db there is no risk for bar buckling for
the given strain magnitude, whereas if r < s/Db it is assumed that the compressive
reinforcement has reached a state of instability.

Step 2. If the check above confirms bar instability, then it is assumed that the
apparent Poisson’s ratio νu is equal to 0.5 for circular and 1 for square cross sections
(imminent attainment of peak strength). Denote the axial strain magnitude at this
point as εc = εs,crit and the corresponding steel stress, fs,crit (from the stress-strain law
of the steel material, at a compressive strain equal to εs,crit). Calculate the lateral
strain in the jacket as ebuckllat ¼ mu � es;crit.

Step 3. Calculate the ensuing redistribution of load from the longitudinal rein-
forcing bars to the encased concrete core. The overload during stress transfer from
the unstable bars to the encased core is:

Dfaxial ¼ ðfs;crit � fs;resÞ � As

Agross � As
¼ qs;gross � ðfs;crit � fs;resÞ ð5:28aÞ

where fs,crit is the steel stress at the strain value associated with the onset of
instability (determined above) and fs,res is the residual capacity of the buckled
reinforcement at an axial strain value ε > εs,crit. (Based on work by Monti and Nuti
(1992), the asymptotic post-buckling residual stress fs,res is 6fy /(s/Db); over a plastic
hinge length of lp the value of s used in estimating the residual post-buckling
capacity of the bar is taken equal to lp in order to acknowledge the increased
unsupported length of the bar.)

Step 4. The available strength reserve of the encased concrete core is:

Dfcc ¼ 3:1 � Dflat
Dflat ¼ kconff qfvEf ðecc;u � mues;critÞRch þ 0:5Db

b� 2Rch
� 0

ð5:28bÞ

where εcc,u is the strain capacity of the encased concrete (Eq. 5.17), Rch is the radius
of chamfering at the corners, ρfv the volumetric ratio of the FRP jackets, and b the
side of the cross-section.

Step 5. If the overload (Δfaxial) exceeds the strength reserve of the core (Δfcc)
failure by buckling will be instantaneous. On the other hand, if the strength reserve
of the core exceeds the overload, then the risk of failure due to buckling is sup-
pressed to occur at higher strain levels, thereby enabling the concrete core to
develop its full strain capacity before failure, i.e. εcc.u as specified by Eq. (5.17).

(d) Ilki et al. (2008)
The authors of the reference work proposed two separate models for the evaluation
of the peak strength and strain in case of internal steel reinforcement or external
CFRP confinement. The CFRP contribution is given by:
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fcc
fco

� 	
CFRP

¼ 1þ 2:54
flat
fco

ecc
eco

� 	
CFRP

¼ 1þ 19; 27
b
h

LTFð Þ flat
fco

� �0;53 ð5:29aÞ

where

flat ¼ 1
2
kaqf Efbefu ð5:29bÞ

The internal steel reinforcement contribution is given by:

fcc
fco

� 	
ITR

¼ 1þ 4:54
flat
fco

and
ecc
eco

� 	
ITR

¼ 1þ 5
fcc
fco

� 1
� �

ð5:29cÞ

Hence the peak strength and corresponding strain at peak stress of an FRP
confined RC element are given by:

fcc � fco
f co

� 	
TOTAL

¼ fcc
fco

� 1
� 	

CFRP
þ fcc

fco
� 1

� 	
ITR

ð5:29dÞ

ecc � eco
eco

� 	
TOTAL

¼ ecc
eco

� 1
� 	

CFRP
þ ecc

eco
� 1

� 	
ð5:29eÞ

(e) Pellegrino and Modena (2010)
This model takes into account the contribution of the internal steel and external FRP
and the interaction mechanisms between steel reinforcement and external FRP
strengthening both in case of circular and rectangular confined columns. The value
of the peak stress and the corresponding axial strain are given by:

fcc
fco

¼ 1þ k1 � Pu

fco
ð5:30aÞ

ecc
ecu

¼ 0:55þ 1:5 2Rch=bð Þ for 2Rch=b\0:3 ðfor 2Rch=b� 0:3Þ ð5:30bÞ

The ultimate stress and ultimate strain are given by:

fcu
fcc

¼ 0:55þ 1:5 2Rch=bð Þ for 2Rch=b\0:3 ðfor 2Rch=b� 0:3Þ ð5:30cÞ

ecu
eco

¼ 2þ B
Pu

fco

� �
ð5:30dÞ
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where Rch is the radius of chamfering at the corners of the cross section, b is the
least sectional dimension of the column and Pu ¼ flat;f þ flat;st � Acc

�
Ag, where

flat;f ¼ 0:5kfqf Ef e
eff
f and flat;st ¼ 0:5ksqstfy;st. Coefficient B assumes different values

when internal steel reinforcement is either present or absent. The effective hoop
FRP strain εf

eff is εf
eff = ke·εfu where ke is the efficiency coefficient assuming different

expressions for plain and reinforced columns:

ke ¼ 0:25þ 0:25ð2Rch=bÞ:Without steel reinforcement ð5:30eÞ

ke ¼ cC�0:7 � 0:8;C ¼ Ey;long � qy;long
�ðEf � qf Þ:With steel reinf: ð5:30fÞ

The parameter C takes into account the negative effects of the stress concen-
trations in the FRP, due to buckling of vertical bars, by means of the ratio between
the rigidity of the internal longitudinal steel and that of the external FRP.

(f) Kawashima et al. (2000)
This model distinguishes between columns with circular and rectangular
cross-section taking into account the effect of the internal steel reinforcement. The
stress-strain relation is given by:

fc ¼
Ecec 1� 1

n
ec
et

� �n�1
( )

0� ec � et

ft þ Eg ec � etð Þ et � ec � ecu

8>><
>>: ifEg\0 ð5:31aÞ

fc ¼ Ecec 1� 1
n

1� Eg

Ec

� �
ec
et

� �n�1
( )

if Eg [ 0 ð5:31bÞ

Eg ¼ �0:658
f 2co

qCFeCFtECF
þ 0:078

ffiffiffiffiffiffiffiffi
qCF

p
ECF ð5:31cÞ

ft
fco

¼ 1þ 1:93qcf ecf Ecf =fco ð5:31dÞ

et ¼ 0:00343þ 0:00939qCFeCFECF=fco ð5:31eÞ

The ultimate axial strain is computed as:

ecu ¼ 0:00383þ 0:1014
qCFeCFECF

fco

� �3
4 fCF

ECF

� �1
2

ð5:31fÞ

If the strengthened element includes steel reinforcement the values of Eg, ft and εt
become:
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Eg ¼ �0:658
f 2co

qCFeCFtECF þ 0:098qsfyh
þ 0:078

ffiffiffiffiffiffiffiffi
qCF

p
ECF ð5:31gÞ

ft
fco

¼ 1þ 1:93
qcf ecf Ecf

fco
þ 2:2

qsfyh
fco

ð5:31hÞ

et ¼ 0:00343þ 0:00939
qCFeCFECF

fco
þ 0:0107

qsfyh
fco

ð5:31iÞ

Lacunae and Proposals of Improvement for Current
Formulations and Models on Confinement of RC Elements
by Means of EBR FRP Systems

New Proposals for Predictive Models

In order to improve the accuracy of some current confinement’s models, such as the
ones considered by CNR-DT 200 (2004) and ACI 440.2R (2008), Realfonzo and
Napoli (2011, 2013) developed new relationships for estimating the strength (fcc)
and the ultimate strain capacity (εcc,u) of concrete confined by FRP. The relation-
ships were found by best-fitting experimental results collected in the database of
Realfonzo and Napoli (2011). The proposed formulations are as follows:

Strength Models

For the best-fit analyses, the predictive model proposed by Wu and Wang (2009)
was considered, expressed by:

f cc ¼
fcc
fco

¼ 1þ a � ks � qc � f blat ð5:32Þ

In Eq. (5.32) α, β, and γ are three unknown parameters to be calibrated through
the best-fit analysis with the purpose of minimizing the difference between the
predicted and experimental strength capacity; f cc is the compression strength of
FRP confined concrete normalized with respect to the strength of unconfined
concrete (fco); ks is the shape factor defined according to CNR-DT 200 (2004); ρ is
the radius corner ratio as defined by Wu and Wang (2009); f lat is the normalized
confining pressure exerted by the jacket, flat/fco:
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flat ¼ 2 � tf � Ef =D � ke � efu
� � ¼ kconf � eefff ð5:33Þ

In Eq. (5.33), depending on the shape of the cross section, D is the cylinder
diameter or the side of the square, while the product (keεfu) represents the actual
ultimate hoop strain reached in the FRP jacket (εf

eff). By focusing the study on
concrete cylinders, Eq. (5.32) simplifies into the following equation:

f cc ¼ 1þ a � f blat ð5:34Þ

as, in this case, the coefficient ks and ρ become equal to 1. Several indices on the
“success of fit” can be used to find the parameters α and β that yield the lowest

scatter between the experimental (f
exp
cc ) and theoretical (f

th
cc) values of the normal-

ized strength. For these analyses, both the mean square error (MSE) method and the
mean absolute percentage error (MAPE) method were considered. According to
these criteria, the following errors have to be minimized:

Errð ÞMSE
m ¼

Xns
i¼1

Ei=ns; with Ei ¼ f
exp
cc;i � f

th
cc;i

� �2
ð5:35Þ

Errð ÞMAPE
m ¼

Xns
i¼1

Eij j=ns; with Ei ¼
f
exp
cc;i � f

th
cc;i

f
exp
cc;i

 !
� 100 ð5:36Þ

where ns is the number of experimental test sets considered in the analysis; they
were extracted from the general database as defined in Realfonzo and Napoli
(2011).

The values of α and β introduced in Eq. (5.34) which minimize the errors (Err)m
computed through Eqs. (5.35) and (5.36) are listed in Table 5.3. The table also
reports, for each analysis, the α values obtained in case of β = 1 (i.e. using a linear
law for f cc). Results summarized in Table 5.3 refer to best fit analyses performed by
considering only test specimens belonging to the LSC group (i.e. to test specimens
with fco ≤ 40 MPa), which represent the category of primary interest in the practical

Table 5.3 Values of α and β obtained through best-fit analysis (data sets with fco ≤ 40 MPa)

Type of
fiber

kem MSE MAPE

Linear Non linear Linear Non linear

α (Err)m α β (Err)m α (Err)m α β (Err)m
CFRP 0.63 3.75 0.229 3.37 0.78 0.179 3.8 13.72 3.67 0.96 13.69

ns = 135 0.65 3.66 0.229 3.31 0.78 0.179 3.71 13.72 3.59 0.96 13.69

GFRP 0.68 3.3 0.257 3.05 0.78 0.209 3.08 13.29 3.00 0.96 13.23

ns = 53 0.65 3.46 0.257 3.17 0.78 0.209 3.23 13.29 3.14 0.96 13.23

ALL
ns = 188

0.65 3.61 0.238 3.27 0.78 0.188 3.59 13.88 3.56 0.98 13.87
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applications. In such analyses, the average values of the strain efficiency factor (kem)
adopted for the estimate of the FRP confining pressure were assumed equal to 0.65
(i.e. the average value obtained by considering all 91 specimens) or, alternatively,
equal to 0.63 and 0.68 for CFRP and GFRP systems, respectively. Results of the
best fit analyses performed by considering all test sets, i.e. regardless of the fco
value, can be found in Realfonzo and Napoli (2011).

From Table 5.3 it is observed that the values of α and β are sensitive to the type
of method adopted for the best-fit analysis (MAPE or MSE); also, although the best
fitting of experimental data is always given by nonlinear relationships, linear laws
can be still assumed through the MAPE method, since similar errors were obtained
in this case with linear and non-linear relationships.

Figure 5.13 shows the experimental (f cc � f lat) values and the corresponding
theoretical relationships; in the figure the nonlinear and linear laws obtained from
MSE and MAPE are plotted, respectively. The best-fit laws obtained from MSE and
MAPE methods for the LSC range are shown in Fig. 5.14a. In the figure, the
relationships adopted by CNR-DT 200 (2004), ACI 440.2R (2008), and fib Bulletin
14 (2001)—described in section “Confinement models from design codes (CNR,
ACI, EC8-III, fib)”—are also plotted for comparison:

f cc ¼ 1þ 2:6f
2=3
lat ð5:37aÞ

f cc ¼ 1þ 3:3f lat ð5:37bÞ

f cc ¼ 0:2þ 3f
1=2
lat ð5:37cÞ

The experimental f cc values (f
exp
cc ) are compared to the theoretical ones (f

th
cc) in

Fig. 5.14b. The bisector corresponds to the equal value line; therefore, points falling
in the lower part of the graph indicate conservative estimations, whereas points
falling over the line represent unconservative results.
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Fig. 5.13 Experimental values versus theoretical f cc � f lat curves (LSC test sets only)
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From Fig. 5.14 it is concluded that the MAPE method leads to more conservative
predictions of f cc than the MSE one. Also, comparisons between the best fit curve
obtained by using the MAPE method and the three code relationships confirm that:

• the CNR-DT 200 (2004) law (Eq. 5.37a) generally leads to slightly unconser-
vative values of f cc for normalized confining pressures approximately lower than
0.4, while it is more conservative than the MAPE one for higher values of f lat;

• the ACI formulation (Eq. 5.37b) and the MAPE law provide very similar values
for confined concrete strength;

• the “practical formula” suggested by fib (Eq. 5.37c) is the most conservative
relationship over the f lat range.

Finally, by focusing on data sets relative to specimens with concrete strengths
fco ≤ 40 MPa (category of primary interest in the practical applications) and based
on the results obtained in Table 5.3, the two following general relationships can be
assumed as suitable predictive strength models:

f cc ¼ 1þ 3:27 � f 0:78lat MSEð Þ ð5:38aÞ

f cc ¼ 1þ 3:59 � f lat MAPEð Þ ð5:38bÞ

The linear relationship expressed by Eq. (5.38b) can be used in place of the
nonlinear best-fit one since the computed values of (Err)m are almost the same.

Strain Models

Lam and Teng (2003) consider a member sufficiently confined when the ultimate
value of the “effective” normalized confining pressure f lat provided by the FRP
jacket exceeds the limit of 7 %:
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f lat ¼
flat
fco

¼ kconf � ke � efu
� �
fco

¼ kconf � eefff
fco

¼ 2
tf � Ef

D
� e

eff
f

fco
ð5:39Þ

Figure 5.15 depicts the qualitative trend of the stress-strain curve exhibited by an
FRP confined concrete in compression. Over the 7 % threshold the stress-strain
behaviour has the characteristic monotonically bilinear ascending curve and the
ultimate strain εcc,u is attained at the achievement of the peak compressive strength,
fcc (i.e. εcc,u ≡ εcc); instead, when the confining pressure is below such threshold the
constitutive curve shows a post-peak softening branch and the maximum strength
fcc is reached before the FRP rupture (therefore εcc,u > εcc).

Realfonzo and Napoli (2013) calibrated three of the familiar strain models; these
were the models of the Italian Guidelines CNR-DT 200 (2004), the model by Teng
et al. (2009), and the model by De Lorenzis and Tepfers (2003):

ecc;u ¼ 1:75þ 7:5 � f 0:5lat ð5:40aÞ

ecc;u ¼ 1:75þ 6:5 � f 0:8lat � eeff
0:65

f ð5:40bÞ

ecc;u ¼ 1þ 26:2 � f 0:8lat � k�0:148
conf ð5:40cÞ

In Eqs. (5.40a)–(5.40c) ecc;u and eefff are given by:

ecc;u ¼ ecc;u
eco

eefff ¼ eefff
eco

ð5:40dÞ

i.e., they are obtained by normalizing the values of εcc,u and εf
eff with respect to

the strain εco (assumed equal to 0.2 %) corresponding to the attainment of peak
stress (fco) for unconfined concrete (Fig. 5.15).

Note that the constant 1.75 in Eqs. (5.40a) and (5.40b) yields εcc,u = 0.0035 for
f lat ¼ 0 (i.e. the ultimate value commonly accepted for unconfined concrete). On
the other hand Eq. (5.40c) yields εcc,u = εco when no FRP confinement is provided,

ε

σ

flat >0.07

εcc≡ ccu

fcc

εcuεco εccu

fcc

εcc

flat <0.07
fco

ε

Fig. 5.15 Typical stress–
strain behaviour of
FRP-confined concrete

168 S. Pantazopoulou et al.



which is the axial strain at peak stress of unconfined concrete. The framework of the
three models is generalized as follows:

ecc;u ¼ 1:75þ C1 � f latC2 ð5:41aÞ

ecc;u ¼ 1:75þ C1 � f latC2 � eeff C3f ð5:41bÞ

ecc;u ¼ 1þ C1 � f latC2 � kconf C3 ð5:41cÞ

the Ci coefficients (C1, C2, C3) were estimated by using the mentioned database. In
particular, in Realfonzo and Napoli (2013) the selected three strain models were
recalibrated through best-fit analyses and then compared with the relationships
proposed in literature. As done for the strength models, coefficients C1, C2, C3 that
yield the lowest scatter between experimental (eexpcc;u) and theoretical values (ethcc;u) of
the normalized ultimate strain were calibrated by using the MSE and MAPE
methods. Table 5.4 provides the outcomes of the best-fit analyses performed by
restricting the range of interest to test sets with fco ≤ 40 MPa.

For the three strain models found in the literature and described by Eqs. (5.41a)–
(5.41c), Table 5.4 reports the computed values of the mean error (Err)m, the
standard deviation of the error (σErr), and the coefficient of variation (CV(Err))
resulting by evaluating the errors Ei according to both MAPE and MSE; for the
three “predictive” models given by Eqs. (5.41a)–(c) it provides the Ci coefficients
calibrated by minimizing the errors (Err)m with both MAPE and MSE methods and
the resulting values of σErr and CV(Err), all highlighted in bold. In detail: model 1α
refers to the relationship proposed by CNR-DT 200 (2004) and model 1b is the
recalibrated one through the best-analysis; model 2α is that proposed by Teng et al.
(2009), while relationship 2b is the corresponding recalibrated one; similarly, model
3α refers to the formulation proposed by De Lorenzis and Tepfers (2003) and
relationship 3b is the best-fit one. The study was carried out more times by con-
sidering: (a) results from tests on CFRP confined specimens (ns = 88); (b) results
from tests on GFRP confined specimens (ns = 42); (c) results from tests on spec-
imens confined with any FRP type (ns = 130). Following the recommendations by
Lam and Teng (2003) the best-fit analyses were extended to only test sets for which
the f lat values, computed by using kem = 0.60 in Eq. (5.33) were greater than 7 %.
Conclusions drawn from Table 5.4 are as follows:

• regardless of the used strain model, the errors computed in the estimation of ecc;u
are significantly higher than those obtained in the estimate of f cc; this is also due
to the wider range of percent variation of ecc;u when compared to f cc;

• the errors significantly increase when test sets referring to GFRP systems are
included;

• comparing each strain model (1α, 2α and 3α) with the re-calibrated one (1b, 2b,
and 3b) a rather significant reduction of the mean errors is observed mainly in
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the case of GFRP systems, although for some models such reduction is asso-
ciated to higher CV(Err) values.

Further comparison among the strain models best-fitted with MAPE and MSE
(models 1b, 2b, and 3b in Fig. 5.16) mainly in case of GFRP systems, and disre-
garding the used predictive model, illustrates that the best-fit analyses performed
with MAPE provide more conservative values of the normalized ultimate strain
with respect to those obtained through MSE. Furthermore, as already evidenced by
other authors (Lam and Teng 2003) a large scatter is always observed for GFRP
wrapped specimens (for more detail see Realfonzo and Napoli 2013). To further
improve the accuracy of the strain models given by Eqs. (5.41a)–(c)—given the
lower reliability with respect to the strength models—in a second step Realfonzo
and Napoli (2013) performed the best-fit analyses once again, by considering the
following restrictions:

(1) Application of the MAPE index only generally yields more conservative
values (Fig. 5.16).

(2) Use of test sets belonging to the LSC and MSC range only (fco ≤ 40 MPa),
being of more interest in practical applications;

M
O

D
E

L
 1

b
M

O
D

E
L

 2
b

M
O

D
E

L
 3

b

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

MSE
MAPE

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

MSE
MAPE

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

CFRP GFRP

CFRP GFRP

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

MSE
MAPE

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

MSE
MAPE

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

CFRP GFRP

CFRP GFRP

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

MSE
MAPE

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

MSE
MAPE

0

5

10

15

20

25

30

0 5 10 15 20 25 30

εcc
exp

ε c
c
t
h

CFRP GFRP

CFRP GFRP

CFRP

CFRP

CFRP

GFRP

GFRP

GFRP

MSE

MAPE

MSE

MAPE

MSE

MAPE

(a) (b) (c)

Fig. 5.16 ethcc;u versus eexpcc;u comparisons for: a CFRP; b GFRP, and c any type of FRP systems
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(3) Focusing on the 120 specimens for which the f lat values—computed by
substituting kem = 0.65 in Eq. (5.33)—were within the following range:

0:07� f lat kem ¼ 0:65ð Þ� 1:2 ð5:42Þ

Table 5.5 provides the results of the new best-fit analyses performed according
to the MAPE index and by considering separately test sets for CFRP confined
specimens (ns = 86) and those for GFRP confined ones (ns = 34). In particular: for
the models given by Eqs. (5.40a)–(d) (models 1α, 2α, and 3α), the table reports the
Ci coefficients, the values of the mean error (Err)m, and the coefficient of variation
CV(Err); for the models given by Eqs. (5.41a)–(c) (models 1b, 2b, and 3b) it
highlights in bold the recalibrated values of the Ci coefficients and the resulting
values of (Err)m and CV(Err).

By observing the results of Table 5.5 any of the three relationships may be
selected as suitable strain model for CFRP/GFRP confined members. However,
with the aim to preserve the structure of the relationship actually adopted by
CNR-DT 200 (2004) the two following formulations were proposed by Realfonzo
and Napoli (2013):

ecc;u ¼ 1:75þ 14:12 � f 0:83lat CFRP systemsð Þ ð5:43aÞ

ecc;u ¼ 1:75þ 14:39 � f 0:55lat GFRP systemsð Þ ð5:43bÞ

Table 5.5 Results of the refined best-fit analyses for (fco ≤ 40 MPa)

Type Model C1 C2 C3 (Err)m CV(Err)

CFRP
ns = 86
kem = 0.65

1 α 7.50 0.50 – 30.64 0.54

b 14.12 0.83 – 27.31 0.92

2 α 6.50 0.80 0.65 29.64 1.22

b 8.40 0.81 0.36 26.26 0.96

3 α 26.20 0.80 0.148 39.87 0.41

b 35.61 0.82 −0.11 26.61 0.97

GFRP
ns = 34
kem = 0.65

1 α 7.50 0.50 – 46.49 0.44

b 14.39 0.55 – 39.24 0.90

2 α 6.50 0.80 0.65 51.30 1.25

b 31.42 0.50 −0.41 35.85 0.85

3 α 26.20 0.80 −0.148 54.17 0.34

b 9.36 0.42 0.061 38.53 0.92
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Confinement of Wall-like Cross-Sections

Wall-like columns (i.e. column elements with a cross sectional aspect ratio more
than 3) represent a solution often adopted in reinforced concrete (RC) building
structures in regions of high seismicity, due to their intrinsic ability to resist lateral
load and their high stiffness in the long-side direction. In concrete columns with
circular cross-section, the effectiveness of confinement is optimal, as the column
cross-section is entirely and uniformly restrained by the FRP laminate. In the case
of concrete columns with prismatic cross-section (that is square or rectangular), the
confining pressure provided by the FRP jacket is high at the corners and low along
the flat sides, and the cross-section is only partially confined (Mander et al. 1988;
Tastani and Pantazopoulou 2008; De Luca et al. 2011).

Specifically, wall-like columns are of particular interest as, in this case, the
effectiveness of the FRP laminate may be low. In fact, formulae provided by Codes
and Guidelines to predict ultimate stress and strain of FRP confined concrete cannot
be usually applied to the case of wall-like columns as they are limited to elements
with cross-sections with a side-aspect-ratio not larger than 2.0.

Based on triaxial plasticity solid mechanic models (e.g. Willam and Warnke,
1975) calibrated experimentally (e.g. Elwi and Murray 1979) a simplified con-
finement model was provided for wall-like cross-sections (Lignola et al. 2011a, b).
The confining stress field is assumed only parallel to the longer side of the
cross-section, thus neglecting the confinement in the shorter direction. The average
confining pressure (flat) is obtained with reference to Fig. 5.17a as:

flat ¼ 2tFRPEf eFRP=b ð5:44aÞ

assuming cross-section height h > base b. Assuming zero stress for the minimum
principal stress, the confining pressure flat equal to the intermediate principal stress,

flatb 

fcc /fco

flat /fco

(a)

(b)

Fig. 5.17 a Free body diagram to evaluate the average confining pressure in concrete. b “Biaxial”
and “Triaxial” confinement
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and fcc the maximum principal stress, the following approximate equation is derived
for the solution describing the concrete ultimate strength surface:

fcc
fco

¼ 1þ 1:42
flat
fco

� 1:40
flat
fco

� �2

þ0:30
flat
fco

� �3

ð5:44bÞ

where flat/fco < 1.3, otherwise it would result that flat > fcc. Figure 5.17b compares
the results from the general “triaxial” axisymmetric model (supported by confined
concrete cylinder tests) with those of the “Biaxial” confinement model considered
herein. Recall that Eq. (5.44b) is the closed form solution for Willam and Wranke’s
failure criterion under “Triaxial” axisymmetric stress (confinement). It is also noted
that in all cases of “Biaxial” confinement, the increase in concrete strength, fcc/fco, is
always less than 1.5 (see the biaxial failure envelope by Kupfer and Gerstle 1973).

Figure 5.18 presents results from the proposed model used to correlate relevant
experimental results reported by Tan (2002), Maalej et al. (2003), Prota et al.
(2006), and De Luca et al. (2013) both in terms of strength and lateral strain in the
jacket near failure. The figure plots results obtained using for strength of the FRP
material the nominal values provided by the manufacturers from flat coupon tests.
Most of the experimental tests suggested that the failure of these walls and corre-
sponding bulging of the FRP laminates occurred at fiber strains far below the
ultimate values provided by the manufacturers (Prota et al. 2006). Although the
proposed results fall far below the “triaxial” theoretical confinement curve (as
expected) they deviate from the proposed “biaxial” theoretical confinement curve,
mainly in terms of the estimated abscissa (i.e. the flat/fco value), rather than in terms
of the ordinate (i.e. the strength increment, fcc/fco, which is almost compatible and in
all cases less than 1.5). In this case the average overestimation of the proposed
model is about 39 % with a coefficient of variation equal to 49 %. In any case the
analytical points are totally inconsistent with respect to the tests.

To explore the discrepancy in the estimated lateral pressure, the effective ulti-
mate strain recorded during experimental tests were used in the model (see
Fig. 5.18b). The average overestimation of the proposed model is about 5.7 % with
a coefficient of variation equal to 10 %. The confinement model for wall-like
cross-section can also be seen as a lower bound for confinement of square and
rectangular cross-sections (Lignola et al. 2013a) and is used in the next subsection
to assess behaviour of confined non-circular hollow cross-sections (Lignola et al.
2009).

Confinement of Hollow Sections

Hollow bridge sections are incorporated in tall columns (mainly in bridge piers) to
maximize the structural efficiency of the strength-mass and stiffness-mass ratios.
Hollow columns resist the high moment and shear demands through reduced
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self-weight and moderated bearing demands on foundations. The effectiveness of
FRP jacketing as a confinement device in this type of element is modelled by
Lignola et al. (2008) and Giamundo et al. (2014); the model can be extended to the
case of solid cross-sections. An index of relative confinement stiffness is defined as
Eftf /(Re − Ri) in order to account for the presence of the void in the cross-section
(where Re and Ri are outer and inner radii, respectively). The larger the hole, the
higher is the deformability of the element thus resulting, for a similar level of
dilation, in different stress paths: in the case of a solid section, the dilation of
concrete is restrained by the FRP wraps and this interaction causes a strength
enhancement, while in the case of thin walls, the excessive deformability allows for
gaining smaller strength improvements (compared to solid sections) even though
significant ductility enhancement is achieved. In this case the state of stress
becomes mostly circumferential.

(a)

(b)

Fig. 5.18 a Calculated versus Experimental strength estimates (using nominal value of FRP strain
capacity). b Results obtained using the effective FRP ultimate strain
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The model traces the evolution of stresses and strains in the confinement wraps
and concrete, allowing for the multiaxial state of stress and the potential failure of
the external wrapping to be evaluated at each load step. Once the complete 3D
stress strain step-by-step evolution is known, any multiaxial plasticity and failure
criteria can be applied to concrete material and FRP jackets.

The passive confinement on axially loaded concrete members is due to the
transverse dilation of concrete and the presence of a confining device which
opposes this expansion and puts the concrete in a triaxial state of stress. The model
is proposed on the basis of elastic interaction between the concrete and the con-
fining device utilizing equilibrium conditions and radial displacement compatibility
at the interface between the core concrete cylinder and the outer jacket (Fig. 5.19).
The thick ring made of concrete is confined by the FRP jacket and the confining
stress field is not equal in the two transverse directions (namely radial and cir-
cumferential). The effect of confinement is evaluated in each point of the section
with the effective confining pressures which differ in the two orthogonal directions,
resulting in a large computational effort. In the model proposed by Lignola et al.
(2008) this aspect is solved by adopting the triaxial plasticity solid mechanic model
(e.g. William and Warnke 1975) calibrated experimentally (e.g. Elwi and Murray
1979) to account for these different confining components.

The model allows for the axial and lateral stress versus strain curve to be
evaluated. A solid section and hollow sections with different β = Ri/Re ratios, but the
same relative confinement stiffness Eftf/(Re − Ri), can be compared.

A concrete specimen with an external radius Re = 200 mm and unconfined
concrete strength of 30 MPa is considered. The specimen was confined with a
Carbon FRP wrap made of uniaxial fibers with a nominal thickness of 0.666 mm.
The CFRP is applied by manual wet lay-up and the elastic modulus and ultimate
uniaxial strength are 230 GPa and approximately 2000 MPa, respectively. The
relative confinement stiffness (related to a solid section) is approximately 766 MPa
(this means that when increasing the hole size, thickness tf is reduced to keep the
stiffness constant).

Fig. 5.19 Radial displacement contributions of concrete tube and FRP Jacket
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In Fig. 5.20 a comparison is given of the unconfined concrete stress strain curve
with the confined concrete curves for different β ratios, but the same relative
confinement stiffness Eftf/(Re – Ri). Compared to the solid section (β = 0), the effect
of confinement is smaller as the hole size increases. The behaviour changes from a
hardening post peak to an almost perfectly plastic behaviour in the case of very thin
walls β = 0.75). Also the strength enhancement is smaller as the β ratio increases.

Generally, hollow members fail due to two premature mechanisms: compressed
bars buckling and unrestrained concrete cover spalling. FRP confinement, espe-
cially in rectangular cross-sections, is not able to change the failure mode, but bar
buckling is delayed and compressed concrete attains higher strains, thus resulting in
higher load carrying capacity of the member.

In non-circular hollow cross-sections the effect of confinement on the walls
composing the cross-section is reduced. The arch-shaped paths of the confining
stresses rapidly changes in a straight distributed confinement stress field moving
away from the corner, and this result is similar to what can be seen in tests of
wall-like cross-sections. However, despite the similar path of confining stress
directions, the effect of the confining device on a single wall-like column is higher
than that exerted by adjacent walls (through the corners) and by a single wall which
is part of the hollow cross-section.

Two alternatives have been proposed accounting for these two aspects (Lignola
et al. 2009). In the first option each wall forming the hollow cross-section is
considered separately accounting for the presence of the two adjacent walls on the
opposite short sides. This very simple approach is rather good to assess strength
enhancements, while it fails to predict the post-peak behaviour of the hollow

Fig. 5.20 Confined concrete: axial stress versus axial and radial strain
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cross-section thus resulting in inaccurate ductility predictions. The effect of con-
finement is overestimated in the post-peak branch where in reality the presence of
the internal void reduces the efficiency of the confinement exerted by the FRP
wraps, and for this reason a more refined model is required. In the second option,
instead, the confinement of the whole hollow cross-section forming the structural
member is considered. The commonly accepted approach for dealing with confined
concrete in noncircular cross-sections is to find an equivalent pressure in an
equivalent circular cross-section (Teng et al. 2002). For hollow members Lignola
et al. (2011b) suggested using an equivalent circular crown circumscribing the
hollow section (internal Ri and external Re radii are half diagonal inner and outer
dimensions of the section, respectively), Fig. 5.21.

Bar Buckling in FRP Strengthened RC Columns

Interaction between stirrups (if available), external FRP jacketing and embedded
longitudinal reinforcement has been the motivating premise in some of the models
presented already in section “Confined strength formulae for jacketed reinforced
concrete columns—Considering the interaction with reinforcement”. Here, buck-
ling of column longitudinal reinforcement is revisited due to its role in limiting the
effectiveness of the jackets in lightly reinforced RC columns, a finding that renders
this consideration a critical design issue in strengthening of RC columns through
FRP jacketing. It was stated that although bar buckling cannot be suppressed
altogether, yet, in the presence of FRP confinement, significant delay of the phe-
nomenon can be achieved with a commensurate increase in the available defor-
mation capacity of the member. Evidently, the lateral confining pressure exerted by
the jackets provides additional restraining to the vertical steel rods against outwards
bulging, thereby postponing buckling, especially when steel stirrups are spaced
widely apart. However, if the rigidity of the external FRP jacketing is not enough to
contrast buckling of vertical bars, stress concentrations in the FRP jacket at the
cross-section corners can occur and cause its premature failure. In Pellegrino et al.

Fig. 5.21 Circular crown
circumscribing the hollow
rectangular cross-section
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(2004) and Tinazzi et al. (2003) FRP confined circular concrete columns with
internal steel reinforcement have been subjected to compressive tests. The experi-
mental program consisted of monotonic simple compression tests on 80 × 35 cm
columns with various amounts and types (Glass and Carbon) of FRP wraps.
Transverse steel reinforcement consisted of 8 mm diameter stirrups, with 20 cm
spacing whereas longitudinal reinforcement comprised eight 14 mm diameter bars
distributed along the circumference of the column and almost equally spaced.
Precise hoop strain measurements, performed by a row of strain gauges installed at
the level corresponding to the middle height of the column, was arranged to deeply
study the trend of hoop FRP strains in columns with steel reinforcement.
Figure 5.22 shows the failure of some the axially loaded RC columns tested at the

Fig. 5.22 Failure of axially loaded RC columns tested at the University of Padova

Fig. 5.23 Strain variation along the row of circumferential strain gauges (400 mm long) in the
pre-cracking (fc = 22.4 MPa) and in the post-cracking (fc = 44.6 MPa) phases for a CFRP confined
specimen with a circular cross-section and internal steel reinforcement
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University of Padova. In Fig. 5.23 strain variations along the row of circumferential
strain gauges (total length of the row of strain gauges = 400 mm) for a specimen
confined with CFRP wraps are shown. Intense variation of the strain profile along
the perimeter of the column can be observed in the post-cracking phase with high
strain concentrations mainly near the location of the vertical steel bars. The main
vertical cracks approximately correspond to longitudinal bars’ position due to
buckling of these bars (observed after failure of all the specimens) bearing on the
FRP wrapping near the middle of the column height. These measurements illustrate
and confirm the prevailing notion that the internal steel influences the hoop strain
profile in the FRP, the resulting crack pattern and, as a consequence, the efficiency
of the FRP confinement.

It should be noted that the reduction in the FRP confinement efficiency due to
bar buckling is taken into account in the analytical model proposed by Pellegrino
and Modena (2010) by means of the parameter C that reduces the coefficient of
efficiency, ke, in columns with both external FRP and internal steel, when the
mechanical steel ratio increases with respect to mechanical FRP ratio.

Assessment of Current Formulations and Models
on Confinement of RC Elements by Means of EBR-FRP
Systems

Performance and Correlation of Models

The assessment of the models described above was performed by comparing the
analytical results with the experimental measurements. The average value (Avg) of
the ratio between the experimental and analytical result and the coefficient of
variation (CoV) were used to evaluate the accuracy of each model. Tables 5.6, 5.7,
5.8 and 6.9 show the average ratio between theoretical and experimental peak stress
and ultimate strain (Avg) and the coefficient of variation (CoV) for each model
considered. Circular and rectangular columns with and without steel reinforcement
are distinguished.

The model of Pellegrino and Modena (2010), in which the contribution of the
internal steel reinforcement is considered and the interaction between external FRP
and internal steel reinforcement is taken into account, shows, for the four column
typologies, the lowest values of the coefficient of variation (CoV) and average
values (Avg) close to 1 and slightly conservative. The models of Harajli et al.
(2006) and Ilki et al. (2008), in which the contribution of the internal steel rein-
forcement is considered (but the interaction between external FRP and internal steel
reinforcement is not taken into account), generally show a rather good performance
for the prediction of both peak stress and ultimate strain in case of both circular and
rectangular cross section columns.
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Table 5.6 Theoretical versus experimental statistical analysis for FRP confined circular columns
without internal steel reinforcement

Models for circular columns Columns without steel reinforcement

Peak stress Ultimate axial strain

(191 specimens) (175 specimens)

Avg CoV Avg CoV

Fardis and Khalili (1981) 1.337 0.439 1.109 0.849

fib “practical formula” (2001) 1.034 0.174 2.737 2.666

ACI 440.2R-02 (2002) 0.811 0.231 0.474 0.564

Ilki and Kumbasar (2003) 0.987 0.150 1.416 0.590

Lam and Teng (2003) 0.941 0.154 0.794 0.355

CNR DT200 (2004) 0.830 0.235 – –

Matthys et al.(2006) 1.062 0.166 1.283 0.700

Kawashima et al. (2000) 1.288 0.386 0.813 0.325

Li et al. (2003) 0.946 0.149 0.777 0.334

Harajli et al. (2006) 0.952 0.179 0.740 0.562

Tastani et al. (2006) 0.853 0.183 1.184 0.939

Ilki et al. (2008) 0.973 0.148 1.753 0.943

Pellegrino and Modena (2010) 0.991 0.142 0.983 0.323

Table 5.7 Theoretical versus experimental statistical analysis for FRP confined circular columns
with internal steel reinforcement

Models for circular columns Columns with steel reinforcement

Peak stress Ultimate axial strain

(54 specimens) (35 specimens)

Avg CoV Avg CoV

Fardis and Khalili (1981) 1.251 0.370 0.970 0.701

fib “practical formula”
(2001)

0.973 0.206 2.066 1.678

ACI 440.2R-02 (2002) 0.807 0.266 0.279 0.741

Ilki and Kumbasar (2003) 0.980 0.178 1.031 0.480

Lam and Teng (2003) 0.888 0.192 0.663 0.450

CNR DT200 (2004) 0.820 0.266 – –

Matthys et al.(2006) 1.006 0.185 1.011 0.487

Kawashima et al. (2000) 1.320 0.427 0.771 0.414

Li et al. (2003) 0.916 0.181 0.590 0.498

Harajli et al. (2006) 0.925 0.221 0.708 0.622

Tastani et al. (2006)a 0.844
(0.756)

0.183
(0.257)

1.261
(1.071)

0.457
(0.766)

Ilki et al. (2008) 0.972 0.173 1.595 0.992

Pellegrino and Modena
(2010)

0.996 0.146 0.981 0.398

Note numbers in parenthesis have been computed considering the effects of bar buckling as
described in the respective model by Tastani et al. (2006) and (2008) described above
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Table 5.8 Theoretical versus experimental statistical analysis for FRP confined rectangular
columns without internal steel reinforcement

Models for rectangular columns Columns without steel reinforcement

Peak stress Ultimate axial strain

(109 specimens) (73 specimens)

Avg CoV Avg CoV

Fardis and Khalili (1981) – – – –

fib “practical formula” (2001) 0.688 0.381 0.782 0.447

ACI 440.2R-02 (2002) 1.058 0.199 – –

Ilki and Kumbasar (2003) 1.013 0.311 1.367 0.800

Lam and Teng (2003) 0.772 0.281 1.201 0.905

CNR DT200 (2004) 1.068 0.188 – –

Matthys et al.(2006) – – – –

Kawashima et al. (2000) 2.195 1.845 1.418 1.243

Li et al. (2003) – – – –

Harajli et al. (2006) 1.143 0.280 0.626 0.472

Tastani et al. (2006) 0.871 0.145 2.501 1.053

Ilki et al. (2008) 1.309 0.544 1.984 1.266

Pellegrino and Modena (2010) 0.953 0.159 0.985 0.347

Table 5.9 Theoretical versus experimental statistical analysis for FRP confined rectangular
columns with internal steel reinforcement

Models for rectangular
columns

Columns with steel reinforcement

Peak stress Ultimate axial strain

(121 specimens) (41 specimens)

Avg CoV Avg CoV

Fardis and Khalili (1981) – – – –

fib “practical formula” (2001) 1.303 0.611 0.300 0.740

ACI 440.2R-02 (2002) 0.941 0.204 – –

Ilki and Kumbasar (2003) 0.827 0.287 0.566 0.530

Lam and Teng (2003) 0.867 0.229 0.366 0.670

CNR DT200 (2004) 0.959 0.202 – –

Matthys et al.(2006) – – – –

Kawashima et al. (2000) 2.288 1.625 0.591 0.526

Li et al. (2003) – – – –

Harajli et al. (2006) 1.017 0.207 0.323 0.729

Tastani et al. (2006) 0.940
(0.924)

0.075
(0.147)

0.923
(0.99)

0.696
(0.592)

Ilki et al. (2008) 1.109 0.261 0.731 0.614

Pellegrino and Modena (2010) 0.963 0.173 0.995 0.287
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Effectiveness of Confinement in Members Under Moment
and Axial Load Combinations

Extension of Confinement Models Calibrated to Concentric
Compression Tests for the Case of Moment-Axial Load
Combination

It was mentioned in the introduction that confinement models are usually calibrated
with tests conducted on axially loaded members whereas in reality RC members are
usually subjected to axial load coupled with bending moment, with the axial load
taking on values that are relatively low compared to the axial capacity of the
member (usually lower than 30 % of its crushing capacity). This means that con-
finement mechanisms can be strongly influenced by the strain gradient effect owing
to bending moment, which reduces and limits the depth of compression zone in the
cross-section, totally altering the passive confinement due to the lateral expansion
of concrete. In fact, concrete in the tensile zone of cross-section may even present a
reverse lateral behavior than anticipated, being in contraction instead of expansion.

In any case every reliable numerical procedure to estimate the cross-sectional
behaviour under a combination of flexure and compression should include appro-
priate models for compressed bar buckling and concrete cover spalling (Tastani
et al. 2006; Di Ludovico et al. 2010). For this reasons, a dependable stress–strain
behavior for all materials composing the retrofit solution would be necessary. Even
if the cross-section is not fully compressed and the benefits of confinement on
concrete can be uncertain, one of the major improvements in member behaviour
due to FRP wrapping is highlighted considering that, in unstrengthened columns,
when steel reinforcement reaches the buckling stress in compression, as it pushes
outward the surrounding concrete, the concrete cover spalls out. Confinement is
able to delay bar buckling and to let the compressive concrete strains grow to higher
values, thus resulting in higher load carrying capacity of the column and in sig-
nificant ductility enhancement (Tastani and Pantazopoulou 2003, 2006; Pellegrino
and Modena 2010; Lignola et al. 2014).

The strength increase in confined concrete due to FRP wrapping turns into a load
carrying capacity increase mainly in columns loaded with small eccentricity (from
Fig. 5.24a it appears that close to the state of pure bending the effect of concrete
strength enhancement is not relevant because failure moves to tension side and, at
lower levels of axial load, i.e. at higher eccentricities, also the influence of rein-
forcement buckling on the element behaviour is less significant until very high
levels of rotational ductility).

Lignola et al. (2013b) performed analyses considering six values for the con-
finement parameter k = fcc/fco. In particular the values used were: 1 (i.e. uncon-
fined), 1.25, 1.5, 1.75, 2, and 3. Figure 5.24 shows that the increase in material
strength has almost no beneficial effect on the flexural capacity at low levels of axial
load, whereas the effect becomes noticeable and more prominent at higher axial
loads. At maximum axial load (concentric compression crushing) the strength
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increase is almost proportional to the concrete strength increase (i.e. only the steel
reinforcement contribution is not sensitive to confinement). The maximum bending
capacity (associated with the so-called balanced failure) increases and it is achieved
at increasing values of axial load, as the confinement index, k, increases.
Figure 5.24b plots the axial load–ultimate curvature interaction diagram, illustrating
the coupled effect of k on concrete ultimate strain and member deformation
capacity. The increase of k impacts favourably the estimated curvature capacity at
low axial load levels; this effect diminishes with increasing axial load.

Confinement of Lap Splices

After successfully retrofitting old reinforced concrete columns with FRP jacketing
an anticipated result is increased deformation demand in the lap-splice regions,
which, in old construction, usually occurs in the lower part of the column clear
height. A design issue for the retrofit is therefore the development capacity of
lap-splices confined by jacketing. FRP jackets are wrapped orthogonal to the
anticipated splitting plane which is assumed to run parallel to the bars. Using a
frictional model to interpret the bond action, Tastani and Pantazopoulou (2008)
defined the development capacity of a confined lap-splice of length ‘s from
F = μ·flat·p· ‘s, where μ is the coefficient of friction at the steel-concrete interface and
flat is the pressure exerted upon the lateral surface of the bar by the cover, transverse
stirrups and FRP jacket. The average design bond stress fb is given by Eq. (5.45),
where Nb is the number of bars (or pairs of spliced bars) laterally restrained by the
transverse pressure and p the length of the likely splitting path (p is equal to the
length of the red line in Fig. 5.25a. Note that flat

f and flat
st are obtained from Eq. (5.1)

when considering the likely plane of splitting failure through the lap. Here flat
c

represents transverse confining pressure exerted by the concrete cover.

Fig. 5.24 a Axial load-Bending moment interaction diagram for a rectangular cross-section.
b Axial load-ultimate curvature interaction domains for a rectangular cross-section
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The εf
eff used in Eq. (5.45) in order to calculate the lateral pressure exerted by the

FRP normal to the lap is the surface strain value associated with attainment of bond
strength along the bar. To obtain this, the following points are considered (Tastani
and Pantazopoulou 2013): (a) Based on experimental evidences, bar slip associated
with peak bond stress and bar development capacity is in the range of 0.1–0.3 mm.
(b) From the results of Lura et al. (2002) it has been shown that at any point along the
bar the slip is about twice the radial displacement of the internal bar boundary
imposed by the displacing ribs, thus, the associated radial displacement at the bar
surface is ur,o = 0.05–0.15 mm. (c) The corresponding hoop strain equals the ur,o
divided by the radius of the internal boundary, εho = ur,o/(Db/2). Thus, the hoop strain
at the outside boundary of the cover, where the FRP jacket is installed is: εf

eff = ur,o/
(c + Db/2) = 2ur,o · [Db(1 + 2(c/Db))]

−1 = εho·(1 + 2(c/Db))
−1. For example, for

Db = 20 mm and c = Db, ε
ho = 0.005–0.015 and εf

eff = 0.0017–0.005. This range of
values is well below the strain capacity of the jacket itself.

The new Model Code by fib (2012) which is adopted from the recommendations
drafted by TG 4.5-Bond, proposes the following semi-empirical expression
(Eq. 5.46a) for the calculation of bond strength between lap-spliced bars and
concrete at splitting bond failure:

ft
’

ft
’

ft
’

Side splitting Face splitting V-shaped splitting

p 

(i) (ii)

(a)

(b)

Fig. 5.25 a Cover crack paths in lap-spliced bars: side, face and V-shaped splitting. b (i)
Definition of cb, csi, and cso. (ii) Forces induced by stirrups and TRM or FRP jackets against side
and face splitting cracks
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where Db is the diameter of lapped bars; fc is the compressive strength of concrete
(MPa); the minimum cover is defined as cd = min(cso, cb, csi) and the maximum
cover cmax = max(cso, cb, csi) where the variables cso, cb, and csi are defined in
Fig. 5.25b; ‘s is the lap splice length; Ktr,s is a term representing the effect of
confinement by steel stirrups; nl,sw = number of transverse reinforcing bar legs
(stirrups or ties) crossing splitting cracks as defined in Fig. 5.25b. Use of the above
equations is subjected to the following limitations:20=Db � 1:0; 1:0� cd=Db � 3:0;
cmax=cmin � 5:0, and 10Ktr;s � 0:4.

TRM (note that in Chap. 9 TRM composites are referred to as FRCM com-
posites) and FRP jackets normal to a lap splice of embedded reinforcement is
shown through tests to provide additional resistance against splitting cracks over
that supported by transverse steel reinforcement, enabling the lap splice to develop
higher tensile force, as illustrated in Fig. 5.25b. To account for this contribution on
the local bond strength of lap splices, a new parameter Ktr,f is added to the trans-
verse reinforcement parameter Ktr,s provided by the stirrups.

The proposed modified term Ktr,t, which accounts for the total confinement
applied by both the contribution of stirrups and FRP/TRM jackets, is expressed as:

Ktr;t ¼ Ktr;s þ Ktr;f ¼ Linear Function of ks Asw=shð Þð Þ þ kf 2ntf ð5:47Þ

where ks is a calibration factor for steel transverse reinforcement as defined in
Eqs. (5.46a) and (5.46b); kf is a calibration factor accounting for the effectiveness of
FRP or TRM jackets; n = number of layers of fibre sheet or textile layer; and tf is the
thickness of a single fibre sheet or textile layer. The proposed factor kf is given by
Eq. (5.48):

kf ¼ ks
Ef

Es

ef ;ef
esw

ð5:48Þ

where Ef is the elastic modulus of the jacket in the fibre (circumferential) direction;
εsw = average effective strain of the stirrups in the circumferential direction and εf,
eff = average effective strain of the jacket in the fibre direction. The proposed
parameter Ktr,j takes into account all the characteristics of the jacket, namely: the area
of external FRP or TRM reinforcement (2ntf) in the splice region; the modulus of
elasticity of the jacket FRP/TRMmaterial (Ef); and the average effective strain of the
jacket in the circumferential direction (εf,eff). It should be also noted that application of
Eq. (5.48) is based on the assumption that the jacket’s height is at least equal to the lap
length. The yield stress of the transverse reinforcement was removed from the initial
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bond model (Eqs. 5.46a and 5.46b) as it was found to have no effect on the lap splice
bond strength. This effect was not measurable in most of the test results (included in
the relevant databases) because splitting bond failures of the lap splice preceded
yielding of stirrups. Nevertheless, the percentage of activation of the transverse steel
reinforcement in the circumferential direction against splitting cracks, which is
quantified by the average effective strain of stirrups εsw, was determined in Bournas
and Triantafillou (2011) and was taken approximately equal to 0.135 %.

The only term in the proposed modified bond model which is still to be
addressed is the average effective strain of the jacket εf,eff, which was found to
depend on the lap length to bar diameter ratio ‘s/Db. According to the experimental
results presented by Bournas and Triantafillou (2011) the average bond strength
along the splice length was increased by 54 and 23 % for FRP confined specimens,
and by 45 and 18 % for TRM confined specimens with respect to their unconfined
counterparts, for the lap lengths of twenty and forty bar diameters, respectively.
Based on these enhancements of bond strength and using Eqs. (5.46a, 5.46b)–(5.48)
the average strain at which the composite jackets were activated, εf,eff, was deter-
mined and plotted for different values of lap length to bar diameter, ranging from 15
to 45; results are shown in the diagrams of Fig. 5.26a, assuming a linear fit. Of
course these diagrams should be used with care, as they are based on limited test
results. More tests on FRP or TRM confined columns with different lap lengths are
necessary in order to provide the best fit to the above diagrams.

Figure 5.26a illustrates a high activation strain (high εf,eff) of FRP or TRM
jackets for short lap lengths and a lower one as the lap length increases. A key point
here is that in the case of short splitting cracks (short lap splices) the activation of
the jacket’s part outside the lap length ‘s is enhanced (Fig. 5.26b), a fact quantified
by the increased jacket effective strain εf,eff. In this way it is possible to estimate the
effect of jacket confinement on RC members with lap splices as a function of lap

(a)

(b)

Fig. 5.26 a Diagrams for the evaluation of the average effective strain of FRP or TRM jackets
according to the modified Model Code (2010) model. b Activation of FRP or TRM jacket against
longitudinal splitting crack propagation in cases of short and long lap splice lengths
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splice length and jacket stiffness, contrary to current practice, which is based on the
work of Seible et al. (1997), who proposed a fixed value for the circumferential
jacket strain corresponding to the onset of splitting in the range 0.001–0.002
(included in Fig. 5.26a). It seems that using these strains (0.001–0.002) in a jacket
design may be quite conservative for low values of ‘s/Db, yielding an unrealistically
large number of layers. The design equations proposed in this study for the effective
strain in an FRP or TRM jacket at lap splice failures are summarized below for the
two modified models:

ef ;eff ¼ 0:0049� 9
 10�5 ‘s=Dbð Þ for FRP jackets ð5:49aÞ

ef ;eff ¼ 0:0037� 7:5
 10�5 ‘s=Dbð Þ for TRM jackets ð5:49bÞ

It is worth noting that circumferential FRP strains at the base of rectangular
columns with lap splices have actually been measured experimentally by a few
researchers, namely Harajli and Dagher (2008) and ElGawady et al. (2010). The
former reported a value of 0.00135 for a lap splice length equal to 30 bar diameters,
whereas the latter reported values in the range 0.0013–0.0023 for a lap splice length
equal to 36 bar diameters. Those independently measured strains are in reasonable
agreement with the modified equation, which predicts strains equal to 0.0022 and
0.0017 for the Harajli and Dagher (2008) and the ElGawady et al. (2010) test
results, respectively.

Appendix: List of Sources for Database Specimens

Characteristics and experimental results for 219 FRP confined circular columns
without steel reinforcement (Table 5.A-(i), in supplementary material) shown in
Arduini et al. (1999), Berhet et al. (2005), Carey and Harries (2005), Harmon and
Slattery (1992), Harries andCarey (2003), Kono et al. (1998), Li et al. (2003),Matthys
et al. (1999), Micelli et al. (2001), Miyauchi et al. (1997), Pellegrino et al. (2004),
Pessiki et al. (2001), Picher et al. (1996), Rochette and Labossiere (2000), Rousakis
(2001), Shahawy et al. (2000), Silva and Rodrigues (2006), Teng and Lam (2004),
Tinazzi et al. (2003), Toutanji (1999), Wang and Wu (2008), Watanabe et al. (1997)
are included in the database (a).

Characteristics and experimental results for 77 FRP confined circular columns
with steel reinforcement (Table 5.A-(ii), in supplementary material) shown in the
works of Arduini et al. (1999), Carey and Harries (2005), Demerse and Neale
(1999), Esafhani and Kianoush (2004), Ilki et al. (2008), Li et al. (2003), Lin and
Liao (2004), Matthys et al. (2006), Parretti and Nanni (2002), Pellegrino et al.
(2004), Pessiki et al. (2001), Rodrigues and Silva (2001), Tinazzi et al. (2003) are
included in the database (b).

Characteristics and experimental results for 135 FRP confined rectangular columns
without steel reinforcement (Table 5.A-(i), in supplementary material) shown in the
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works of Braga et al. (2004), Campione (2006), Chaallal et al. (2003), Harajli 2006,
Harries andCarey (2003), Ilki andKumbasar (2003),Mirmiran et al. (1998),Mukherjee
et al. (2004), Parvin and Wang (2002), Pessiki et al. (2001), Rochette and Labossierre
(2000), Rousakis et al. (2007), Wang and Wu (2008) are included in the database (c).

Characteristics and experimental results for 156 FRP confined rectangular col-
umns with steel reinforcement (Table 5.A-(ii), in supplementary material) shown in
the works of Braga et al. (2004), De Paula and Da Silva (2002), Esfahani (2004),
Feng et al. (2002), Harajli et al. (2006), Hosseini and Fadaee (2004), Ilki et al.
(2008), Maalej et al. (2003), Parretti and Nanni (2002), Pessiki et al. (2001), Prota
et al. (2006), Tastani et al. (2006) are included in the database (d).
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Serviceability Limit States

Introduction

Both excessive cracking and excessive deformations in reinforced concrete ele-
ments may lead to drawbacks in service. Appearance, tightness and durability are
normally considered as reasons for crack control. For durability considerations, the
crack width in the vicinity of reinforcement is more influential than the crack width
on the surface of the element. Cracking analysis of reinforced concrete elements
externally bonded with FRP can be carried out considering the same principles of
reinforced concrete sections.

In particular the cracks may decrease the durability performances, functionality
and appearance of the structure or may endanger the integrity of the bond interface
between FRP EBR and concrete.

The limitation of tensile stresses in concrete is an adequate measure to reduce the
probability of cracking in tension. The limitation of compressive stresses in con-
crete aims to avoid or limit excessive compression, producing irreversible strains,
longitudinal cracks (parallel to the compressive strains) and nonlinear creep
phenomena.

In calculating the stress conditions, account shall be taken of whether the section
is expected to crack under service loads. Moreover the effects of creep, shrinkage,
relaxation of pre-stressing steel and differential temperatures should be taken into
account.

The limitation of tensile stresses in the steel is an indirect method to control the
cracks conditions in RC elements, since it is aimed to warrant an appropriate safety
margin below the yield strength and, thus, prevent uncontrolled, large, permanently
open cracks due to inelastic deformations of steel bars.

Finally, the deformability limit state has to be considered, because the limitation
of deflections in RC elements is generally applied since excessive deflections may
restrict the normal use of the structure, induce damage to not load-bearing members
or negatively influence the appearance.

For RC elements, stresses are calculated using section properties corresponding
to either the un-cracked or the fully cracked condition depending on the loading
conditions. Both concrete and steel are assumed to be elastic, both in tension and in
compression. When an external FRP reinforcement is present, it has to be con-
sidered as linear elastic. Thus, the calculation of stresses in concrete and steel
follow the same rules used for RC elements under serviceability loading conditions,
with the only difference of taking into account the external reinforcement in the
analysis of the un-cracked and/or the fully cracked section.
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Few test results are available for verification of serviceability limit states of RC
elements strengthened with FRP EBR; most of tests available in literature have
been carried out with reference to ties elements (Matthys 2000; Sato et al. 2002;
Ueda et al. 2002; Zhang et al. 2003; Ceroni et al. 2004) and the codes do not always
include design formulas.

Moreover, an increase in the load-carrying capacity by applying FRP laminates
is not accompanied by a proportional increase in system rigidity, either in global
terms (with reference to the values of deflections), or in local terms (with reference
to the transfer of stresses at the FRP-concrete interface). Furthermore an increase of
the ultimate capacity of an RC member due to the FRP strengthening does not
correspond necessarily to a proportional increase of the service load; hence veri-
fication of serviceability could be significant in element design.

Since FRP materials have high tensile strength and Young’s moduli, but small
cross-sectional areas, in general their effect on the limitation of deflections can be
negligible, unless considering very low reinforced section.

A more significant influence on the cracking pattern due to the local bond
transfer produced by the external reinforcement can be observed (Ceroni and Pecce
2004).

Clearly, the use of pre-stressed FRP systems can be more and more useful to
reduce the width of existing cracks, limit the deflections and control the stresses in
critical sections of structural RC members (Kim et al. 2008).

Stress Limitation

Load combinations for verifications at SLS as specified in Eurocode 2 (EN
1992-1-2 2004) should be applied. Partial safety factors for the materials, γM, are
taken equal to 1.0, except if specified otherwise.

Under the hypothesis that the section remains plane, the strains in the steel and in
the FRP reinforcement are related to the concrete strains thanks to a linear relation.
Due to the assumption of linear elastic behaviour for all materials, the stresses are
obtained multiplying the strains by the elastic modulus. In particular, the stress in
the FRP is obtained from the following relationship:

rf ¼ Ef � ef ð6:1Þ

where Ef is the mean value of the modulus of elasticity of the FRP reinforcement.
Moreover, existing strain at the time of FRP installation shall be accounted for

and the principle of superposition can be used.
If the maximum tensile stress in the concrete is lower than its tensile strength, the

section is un-cracked and fully active; on the contrary the section should be treated
as cracked.
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The modular ratios as ¼ Es
Ec
and af ¼ Ef

Ec
have to be defined to transform the actual

section into a homogenized all-concrete section. These values shall be set to
account for creep as well as short and long-term conditions. In particular, under
permanent loading conditions, a reduced value of the elastic modulus of concrete
can be used to take into account the creep effect, while under not-permanent loading
conditions the ratio of the effective moduli can be used.

For calculating the strain and stress distribution along the section a linear elastic
analysis both of the un-cracked (state 1) and cracked section (state 2) should be
carried out.

To this aim the cracking moment, Mcr, for a rectangular section with base b and
height h, can be evaluated as:

Mcr � fctm � b � h
2

6
ð6:2Þ

where fctm is the mean tensile strength of concrete [MPa]. If M is the rate of
maximum moment in the element under the service loading conditions applied after
the strengthening and M0 is the moment applied before the strengthening, the
stresses induced in the materials by the overall moment Mk ¼ M0 þM can be
evaluated adding the contributes of both moments.

If Mo is higher than Mcr, the analysis can be developed referring to the cracked
inertia (state 2) of the section for calculating both the stresses in concrete and steel
reinforcement under Mo and the stresses in concrete, steel and FRP reinforcement
under M; the total stress in concrete and steel is the sum of the two contributions.

On the contrary, if M0 is lower than the cracking moment Mcr and the total
moment Mk is greater than Mcr, the inertia of the un-cracked section has to be used
for calculating the stresses in concrete and steel reinforcement under M0, while the
cracked inertia has to be used for calculating the stresses in concrete, steel and FRP
reinforcement under M.

The case of both values M0 and Mk lower than Mcr can be considered not
significant for the usual applications.

When cracking has to be avoided, a limit state of decompression can be assumed
for verifications and corresponds to have a zero stress at the extreme fibre of the
concrete section.

The compressive stresses in the concrete should be limited to 0.6∙fck under the
characteristic combination of loading and 0.45∙fck under the most unfavourable
quasi-permanent load combination.

About the limitations of the tensile stress in the steel reinforcement, under the
characteristic combination of actions the limit 0.8∙fyk should not be exceeded.

The stress limit above introduce are in agreement with the indications of
Eurocode 2.
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The FRP stress under service load should be limited in order to avoid excessive
creep or creep rupture of the FRP:

rf � g � ffk ð6:3Þ

for the most unfavourable quasi-permanent load combination.
The FRP stress limitation coefficient, η < 1, depends on the type of FRP and

should be obtained through experiments. The Italian Guidelines (CNR DT 200/R1
2012) suggest the following ranges depending on the type of fibres: 0.75–0.95 for
internal environment, 0.65–0.85 for external environment, and 0.50–0.85 for
aggressive environment. The lower values are for glass fibres and the upper for
carbon fibres. The same values are furnished also in ACI 440.2R-08.

Control of Cracking Phenomena

Limitation of Longitudinal Cracks

Application of the FRP reinforcement substantially changes the cracking scenario
of the element, since tension stiffening phenomena develop not only at the
steel-concrete interface, but also at the FRP-concrete interface. In RC elements
strengthened with FRP, the crack width is thus generally smaller than for un-
strengthened elements either considering the same service load or considering the
same tension level in the steel, due, in both cases, to the additional tension stiffening
of the external reinforcement that reduces the crack spacing. Since new cracks will
appear in between existing cracks, in general, a more diffuse crack patterns, with
smaller crack widths, are observed.

A real crack bridging effect due to the external FRP reinforcement has been
observed in experimental tests with a further tension stiffening effect in addition to
the one produced by the internal steel reinforcement (Yoshizawa andWu 1999; Tripi
et al. 2000; Matthys 2000; Ueda et al. 2002; Ceroni et al. 2004; Ceroni and Pecce
2007; Ferrier et al. 2003). Moreover as the stiffness of the FRP strengthening grows
the global tension stiffening results considerably increased. In Ceroni and Pecce
(2007), bending tests on beams externally bonded both with carbon and steel cords
sheets were carried out and evidenced that: (1) the steel cords and carbon fibres, both
impregnated with epoxy, gave very similar results when the equivalent reinforce-
ment percentage was the same, (2) when the steel cords were bonded with cemen-
titious grout, the tension stiffening effect was lower compared with the epoxy.

Modelling of tension stiffening in RC elements is based on many experimental
tests and on a consolidated knowledge of the steel–concrete bond. On the contrary
the tension stiffening effect and the cracking behaviour has not been well investi-
gated yet for RC elements externally bonded with FRP, due also to the lack of
experimental results concerning this aspect. Numerical models taking into account
the tension stiffening effects of the external FRP reinforcement can be used to

6 Special Problems 199



predict the crack width (Ceroni and Pecce 2004; Aiello and Ombres 2004; Ferretti
and Savoia 2003). However for design purposes, empirical equations based on
regression analysis of experimental data can be obtained to calculate directly the
crack width (Tan and Saha 2008) or the crack spacing (Ceroni and Pecce 2009).

Applying the technical report (fib bulletin 14 2001) the crack width can be
estimated by using the Model Code approach (Model code 90) and a specific
formula is furnished for the crack spacing for taking account the external FRP
reinforcement.

srm ¼ 2�fctm�Ac;eff

sfm�ufþssm�us
ss;m ¼ 1:8 � fctm sf ;m ¼ 1:25 � fctm

ð6:4Þ

where fctm is the mean tensile strength of concrete [MPa], us and uf are the perimeter
of the steel bar and FRP laminates [mm] bonded to concrete, tf the thickness of FRP
[mm], τs,m and τf,m the bond stresses [MPa] along the steel-concrete and the
FRP-concrete interfaces, assumed constant in srm.

According to American guidance ACI 440.2R-08, verification of cracking under
service loads can be done by applying the provisions of ACI 318-11 (2013) for RC
elements. The FRP external reinforcement has to be taken into account in the
calculation of the inertia of the transformed section. In particular in (ACI 318-95)
an empirical formula is proposed to evaluate directly the maximum crack width, w,
without evaluating crack spacing:

w ¼ 2 � ff
Ef

� b � kb �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2c þ

s
2

� �2r
ð6:5Þ

where Ef and ff are the modulus of Young and the tensile stress in the steel rein-
forcement, respectively, kb is a bond parameter, experimentally calibrated at 1 for
ribbed steel, β is the ratio of distance between neutral axis and tension face to
distance between neutral axis and centroid of internal reinforcement, dc is the
concrete cover, s is the bar spacing. The presence of the external reinforcement is
taken into account only in the calculation of the inertia.

Currently in the Italian Guidelines (CNR DT 200/R1 2012) no specific formulas
are available for calculating crack width in RC elements externally bonded with
FRP materials, but only general indications referring to well-known approach as the
one proposed by Model Code or Eurocode 2.

Under a stabilized cracking condition, the indications given by Eurocode 2 (EN
1992-1-2 2004) and the new Model Code (MC 2010) for RC elements can be,
indeed, extended to RC elements externally bonded with FRP materials.
Verification of serviceability in the new Model Code for RC elements includes
again a cover term in the crack spacing formula in order to emphasize possible
deformations in the concrete cover. The cracking model kept the philosophy that
the maximum crack width (called herein as design crack width) is the multiple of
2∙ls,max (slip lengths) and the average strain differences between two cracks.
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According to the new Model Code, the design crack width, wd may be calculated
by:

wd ¼ 2 � ls;max � ðesm � ecm � ecsÞ ð6:6Þ

ls;max ¼ k � cþ 1
4
� fctm
sbms

� /
qs;ef

ð6:7Þ

esm � ecm ¼ rs � b � rsr
Es

¼ rs
Es

� 1� b � rsr
rs

� �
¼ rs

Es
� 1� b � Mcr

Mmax

� �
ð6:8Þ

where:

– σs is the steel stress in a crack,
– σsr is the maximum steel stress in a crack at the crack formation stage which for

pure tension, defined as:

rsr ¼ fctm
qs;ef

ð1þ aeqs;ef Þ ð6:9Þ

where:

qs;ef ¼
As

Ac;ef
ae ¼ Es

Ec
ð6:10Þ

and Ac,ef is the effective area of concrete in tension, defined as follows:

Ac;ef ¼ b �min 2:5 � c; d � x
3

� �
;
d
2

� �
ð6:11Þ

b, d and c are the width, the depth and the inferior cover of the concrete element;

– β is an empirical coefficient to assess the mean strain over ls,max depending on
the type of loading (0.6 for short term loads, 0.4 for long term loading);

– k is an empirical parameter to take the influence of the concrete cover into
consideration; according to the present knowledge, k = 1.0 can be assumed;

– ηr is a coefficient for considering the shrinkage contribution;
– εsh is the free shrinkage strain.

Note that in Eurocode 2 (EN 1992-1-2 2004), the following provision for the
maximum crack spacing is provided:

wk ¼ sr;max � ðesm � ecmÞ ð6:12Þ
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sr;max ¼ 3:4 � cþ 0:425 � k1 � k2 � /ls
ð6:13Þ

esm � ecm ¼ rs
Es

� �kt
fctm � Ac;eff

Es � As
þ fctm
Ecm

� �
ð6:14Þ

– kt a factor of load duration (0.6 for short and 0.4 for long term loading);
– k1 is a bond coefficient: 0.8 for ribbed and 1.6 for smooth steel bars;
– k2 takes into account type loading: 0.5 for flexural and 1.0 for tensile loading.

When FRP reinforcement is present, the percentage of reinforcement normalized
to the effective area of concrete in tension can be modified as follows:

qeff ;eq ¼ qp;eff þ qf ;eff ;eq ¼
As

Ac;eff
þ Ef

Es
� Af

Ac;eff
ð6:15Þ

being As, Es and Af, Ef the area and the Young’s modulus of the internal steel and
the external FRP reinforcement, respectively.

Moreover, the expression of 2ls,max can be calculated by means of specific
formulae according to the type of FRP reinforcement. In particular, Ceroni and
Pecce (2009) proposed a formulation for the average and the characteristic value of
the crack spacing in RC elements externally bonded with FRP sheets. The for-
mulation is empirically based on a best-fitting procedure considering experimental
results about crack spacing according to a ‘design by testing’ procedure suggested
in Eurocode 0 (EC0, Monti et al. 2009).

The database used for assessing the crack spacing is made by experimental results
of RC beams and ties externally bonded with FRP sheets carried out by the authors in
different experimental programs: beams (Ceroni and Pecce 2007; Ceroni 2010) and
ties (Ceroni et al. 2004). The experimental results of these tests evidenced that at the
same steel stress as more cracks form and the crack spacing is reduced, crack width
decreases depending on the amount of external reinforcement that influences the total
load applied. Considering the full load history, the tension stiffening effect due to the
fibres grows for all the types of beams after the steel yielding due to the elastic
behaviour of FRP. The external reinforcement produces the highest tension stiffening
effect for beams with the lowest steel reinforcement. The greater the amount of FRP is
used, the greater are the effects. In the tests on RC tie-specimens carried out according
to the same dimensions and set-up used by Matthys (2000), a pre-load cycle estab-
lished the crack spacing of the unstrengthened element and, after application of the
external FRP reinforcement, new cracks formed about in the middle. Ceroni and
Pecce (2009) made several comparisons in terms of crack spacing by defining a
variable δ as the ratio of the code to the experimental value. For the provision given by
EC2 (EN 1992-1-2 2004), where the FRP reinforcement is taken into account by the
effective reinforcement percentage, the average value of δ is 0.48 meaning that the
experimental values are overestimated; this can be justified by the assumption that
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such a formulation provided ‘maximum’ values of crack spacing. On the contrary, for
the fib bulletin the mean value of variable δ is 2.14 which means a large underesti-
mation of the experimental results.

The structure of the formulation proposed by Ceroni and Pecce (2009) for crack
spacing is similar to Eq. (6.7) or (6.13) and the stiffening effect of the internal steel
and the external FRP reinforcement is separately taken into account.

srm ¼ s0 þ k � Ac
c;ef � /a

Ad
s þ Af �Ef

Es

� �b ð6:16Þ

where s0, k, α, β, γ and δ are parameters calibrated by the statistical procedure. In
Fig. 6.1, the comparison between experimental and theoretical results given by
Eq. (6.16) is reported assuming the following values of the parameters: s0 = 20 mm,
k = 4; α = 1; β = 0.75; γ = 0.5; δ = 0.75.

Equation (6.16) refers to the average value of the crack spacing, while for
characteristic provision the following can be assumed:

srm;th;k ¼ srm;th;95% ¼ 1:6 � srm ð6:17Þ

In terms of crack width a more extended database was collected (107 data) by
adding results of (Yoshizawa and Wu 1999; Matthys 2000). Equation (6.16) has
been introduced in Eq. (6.12) for calculating the crack width: Fig. 6.2 shows the
experimental-theoretical comparisons (mean values of δ = 0.777 and 0.715 for 64
and 107 data, respectively, CoV = 32 and 37 %).

On the contrary, the formulas of EC2 (EN 1992-1-2 2004) (Eqs. 6.12–6.14),
adjusted to take into account the FRP external reinforcement, furnishes a mean
value of δ = 0.67 (CoV = 50 %).

A model for considering the influence of NSM on the cracking is reported in
(Zehetmaier and Zilch 2008) that based the formulation on experimental studies on
NSM systems made of CFRP strips. The authors propose a modification both for
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Ties
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beam batch 2

Fig. 6.1 Experimental versus
theoretical average values of
crack spacing given by
Eq. (6.16)
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the expression of the mean strain and the slip length in presence of NSM
reinforcement.

In general, it is worth noticing that in reinforced concrete elements the spacing of
internal stirrups can influence the crack spacing both with and without the FRP
strengthening.

Verification of Bond Interface

Under service loading conditions, the initiation of bond interface cracks should be
prevented as they may reduce the long-term integrity of the bond interface zone
under e.g. cyclic loading and freeze/thaw actions. Concentrations of stresses
develop especially at the end of the FRP reinforcement and the location of flexural
or shear cracks.

At these locations, to avoid local debonding phenomena under the
quasi-permanent load condition, the maximum principal stress, calculated based on
the shear stress and the normal stress according to a linear elastic analysis (e.g.
Taljsten 2004; Roberts 1989), should be smaller than the tensile strength of
concrete.

According to the Italian guideline (CNR DT 200/R1 2012), the verification is
developed checking that an equivalent tangential stress sb;e at the adhesive-concrete
interface, under the rare or frequent load condition, is lower than the bond strength fbd
of the FRP strengthening–concrete interface. The equivalent tangential stress sb;e is
defined through a mean tangential stress sm evaluated in the section at the FRP
strengthening–concrete interface according to the Jourawski’s formulation
(Jourawski 1858) and a factor, kid, that introduces by a simplified way the effect of the
normal stresses.

The stresses have to be calculated under the only rate of loads applied after the
adding of the FRP strengthening.

As in flexural strengthening, also in shear and torsion strengthening the exter-
nally bonded reinforcement shall not have debonding phenomena at the service-
ability limit state.

Fig. 6.2 Experimental versus characteristic theoretical values of crack width (Eqs. 6.12 and 6.16).
a Authors’ results, b extended database
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Limitation of Deflections

The low axial stiffness Ef·Af of FRP external reinforcement is often insufficient to
reduce significantly curvatures and deflection in the strengthened beams under
service load condition if the internal steel reinforcement is not yielded. On the
contrary, a relevant stiffening effect is given by the external reinforcement, after the
steel is yielded and is clearly proportional to the axial stiffness of the external FRP
reinforcement (Ceroni et al. 2004). Also steel fabrics externally bonded to concrete
beams (Balsamo et al. 2013a; Pecce et al. 2006) have evidenced an effectiveness
into limiting the deflection after the yielding of internal steel reinforcement.
Moreover, the bending tests reported by Balsamo et al. (2013b), evidenced that no
significant difference was in using epoxy adhesive or cement-based mortar for
impregnating the steel fabrics in term of deformability.

For the evaluation of deflections, the same method used for RC elements can be
implemented to take into account the tension stiffening effect of both the internal
and external reinforcement: (1) the most refined one is based on the double inte-
gration of the curvature, which can be determined by a cross-section analysis along
the RC element; (2) a simplified calculation is based on the definition of an effective
moment of inertia (Branson 1977; ACI 2005; El-Mihilmy and Tedesco 2000;
Bischoff 2007) or on the calculation of a mean deflection according to the Eurocode
(EN 1992-1-2 2004) and Model Code 2010 (fib bulletin 65 2012 and 66 2012)
approaches.

The more refined procedure is able to take into account the tension stiffening
effects in RC members due to both the internal and external strengthening based on
the correspondent bond stress-slip laws (Ceroni and Pecce 2004; Aiello and Ombres
2000; Matthys 2000). Closed form equations have been also obtained assuming bi
or tri-linear simplified moment–curvature responses (Razaqpur et al. 2000; Charkas
et al. 2003; Rasheed et al. 2004).

The simplified formulation according to the Eurocode and Model Code approach
is based on the calculation of the deflection in the FRP externally strengthened
elements under the hypothesis of un-cracked and cracked section and on a ‘tension
stiffening coefficient’ that synthesizes the tension stiffening phenomena along the
element between two cracks due to both the internal and external reinforcement:

a ¼ a1 � ð1� fÞ þ a2 � f f ¼ 1� b � rsr
rs

� �2

ð6:18Þ

where:

– β is a coefficient taking into account the loading type (1.0 for single short-term
loads and 0.5 for sustained loads or many cycles of repeated loading);

– σs is the tensile stress in the steel reinforcement under the service loading
condition in the cracked section;
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– σsr is the stress in the steel reinforcement calculated in the cracked section under
the loading condition causing the first cracking (see Eq. 6.9).

The ratio σsr/σs may be replaced byMcr/M for flexure and Ncr/N for pure tension,
where Mcr is the cracking moment and Ncr is the cracking force and M and N are the
maximum moment and normal force in the load combination considered.

The deflection at the un-cracked state, α1, and the cracked state, α2, can be
calculated by an elastic analysis, referring to the flexural stiffness of the un-cracked
section and the cracked state, respectively.

In the calculation of Eq. (6.18) the presence of the FRP external reinforcement
has to be taken into account in the computation of the moment of inertia of the
cracked section.

According to ACI 440.2R-08, the deflection under service loads can be calcu-
lated by applying the provisions of ACI 318-11 for RC elements. The FRP external
reinforcement has to be taken into account in the calculation of the effective inertia,
Ie, of the transformed section:

Ie ¼ Ig � Mcr

Ma

� �3

þIcr � 1� Mcr

Ma

� �3
" #

ð6:19Þ

where Ig and Icr are the inertia of the un-cracked and cracked section, respectively,
Mcr and Ma are the cracking and the maximum moment along the element.

In the case of NSM strengthening there are still few experimental results (Barros
and Fortes 2005; Barros et al. 2007; Ceroni 2010; Balsamo et al. 2013b) to validate
design formulations, but in general the same approach used for EBR systems can be
assumed effective, introducing the specific modified moment of inertia. In partic-
ular, according to Ceroni (2010) and Balsamo et al. (2013b), the tension stiffening
effect on the deflection provided by the NSM systems was founded to be less
effective compared with the EBR technique. This was probably due to the appli-
cation of the FRP reinforcement in the grooves that could lead to have higher slips
along the FRP-concrete interface. In Fig. 6.3 the experimental load-deflection of the
reference unstrengthened RC beams is compared with the curves of two equal
beams strengthened with 2 and 3 CFRP strips, evidencing the low effect of the
reinforcement on the beam stiffness.

Fatigue Behaviour

Introduction

Increasing traffic loads and aggressive environmental conditions are leading to an
accelerated aging of reinforced concrete bridges and a loss in their load-carrying
capacity. A well-established method to counteract effects of aging and increasing
traffic loads is to strengthen bridges with fibre-reinforced polymers (FRP).
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With FRP strengthening, two objectives can be pursued: the increase of the
load-carrying capacity and the extension of service life. The FRP material shows
symptoms of fatigue when applied as an external reinforcement. The effect of cyclic
loads on FRPs and hybrid FRPs is described in Wu (2010). Especially externally
bonded FRPs (EBR) are affected by traffic induced vibrating and fluctuating loads,
because cyclic loads also lead to a fatigue of concrete to FRP bond. The FRP
debonding process under fatigue loading is the main objective in this chapter.

Experimental Tests

The debonding process of FRP under fatigue loading has been tested with different
types of experimental tests. Commonly large scale bending tests at reinforced
concrete beams strengthened with FRP under cyclic loading were carried out; see
Heffernan (2004) and Kim (2008). In many cases fatigue loading leads to a failure
of the interior reinforcing steel, in some cases FRP debonding could be observed
followed by steel failure, see Kim (2008). If debonding is prevented, FRP
strengthening leads to a higher load range or an increasing number of cycles at the
strengthened RC beam, see Fig. 6.4.

According to Kim (2008), notable fatigue damage in FRP-strengthened beams is
accumulated within the first cycles. The rate of damage accumulation then slows
considerably until a linear damage rate is reached. Prior to fatigue failure of beams,
rising damage propagation can be observed. The propagation of flexural cracks,
maximum crack width, midspan deflection and steel strain show a similar trend.

These results are global measurements and do not attempt to directly evaluate the
applied force in the external FRP reinforcement or the strain distribution along the
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fibres. Furthermore, the applied load range is not directly related to the
load-carrying capacity of the interface, but rather to the load-carrying capacity of
the beam. The published experimental work on the fatigue response of strengthened
beams does not provide an insight into the fatigue response of the FRP-concrete
interface.

A few studies, which directly investigate the fatigue response of the
FRP-concrete interface using direct-shear tests of FRP-concrete joints, have been
reported in Bizindavyi et al. (2003), Budelmann (2013), Carloni (2012, 2013), Dai
(2005), Diab (2009), Ferrier (2005) and Ko (2007). The maximum, FL

O, and min-
imum, FL

U, load of the fatigue cycle are defined as a percentage of the load-carrying
capacity of an equivalent specimen under monotonic quasi-static conditions. The
available literature suggests that the fatigue response depends on the load range,
mean value, and frequency.

The most common test set-ups for direct-shear tests are described in Yao (2005).
Most of the setups were also used for investigations on the fatigue response of FRP
bond. Near-end supported single shear tests were carried out by Bizindavyi et al.
(2003) and Carloni (2012, 2013). Far-end supported double shear tests by Ferrier
(2005) and near end supported double shear tests by Budelmann (2013) and
modified beam tests were carried out by Dai (2005). An extensive literature review
can be found in Carloni (2013) and Kim and Heffernan (2008).

Bond Stress-Slip Behaviour Under Fatigue Loads

With an increasing number of fatigue cycles, the stiffness of the bond stress-slip
response decreases (Bizindavyi et al. 2003; Carloni 2013; Ferrier 2005). This
indicates that fatigue damage propagates at the interface between FRP and concrete.
The translation in self-similar manner of a certain strain profile along the bond
length supports this damage propagation theory such that the point, where the free
strain at debonding �e fatigueyy is reached, propagates from the loaded end toward the

Fig. 6.4 Schematic of load
range versus load cycle curves
of RC beams according to
Kim (2008)
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other end (see Bizindavyi et al. 2003; Budelmann 2013; Carloni 2013; Ferrier
2005). A similar behaviour was observed by Hankers (1996) at externally bonded
steel plates under cyclic loads.

Generally the strain profiles were measured with strain gauges. In Carloni (2013)
the strain components were determined on the surface of the FRP and surrounding
concrete during fatigue and monotonic tests from the displacement field, which was
measured using a full-field optical technique known as digital image correlation
(DIC) see (Sutton 1983, 2009).

An example of longitudinal strain distribution along the direction of the fibres
determined with DIC is plotted in Fig. 6.5. Details on the strain analysis can be
found in Carloni (2012, 2013) and Ali-Ahmad et al. (2006).

The nonlinear strain distribution was approximated by the following function
after Ali-Ahmad et al. (2006):

eyy ¼ e0 þ a

1þ e
y�y0
b

ð6:20Þ

where α, β, ε0, y0 were determined using nonlinear regression analysis of the
computed strains. This approach was previously used for static tests and it can be
used for fatigue as well.

The approximated strain distribution along the FRP obtained from Eq. (6.20) is
also shown in Fig. 6.5. The stress transfer zone (STZ) can be identified in Fig. 6.5
as the intermediate region where the load is actually transferred from the FRP to the
substrate. The length of STZ is the effective length whereas STZ itself is the fracture
process zone of the interface. The length of the STZ (LSTZ) is termed effective bond
length or anchorage length. The constant value of the strain in the fully debonded
region was identified as �eyy.

From the best-fit strain distribution, the cohesive material law parameter s fatiguemax

and the fracture parameter G fatigue
F were obtained. In Table 6.1 the average values of

the fracture parameters and the value of the strain at debonding �e fatigue
yy , calculated at

Fig. 6.5 FRP strain profile determined with DIC
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the peak of ten slow cycles after a certain global slip gD, measured by two LVDTs,
was reached, are reported for three fatigue tests carried out by Carloni and
Subramaniam (2013). Ten images, processed with DIC and corresponding to the
peaks of the ten slow cycles, were used to calculate the average values reported in
Table 6.1. The length of the STZ during fatigue loading LfatigueSTZ appeared to be
smaller than the one reported in static tests.

Carloni (2013) postulated that the sub-critical crack growth might occur in the
epoxy layer rather than in a thin mortar-rich layer of concrete, as typically occurs in
monotonic quasi-static tests. A similar observation was found in Carloni (2012) and
in Ferrier (2005), in which the authors noticed that the fatigue performances of
FRPs were greatly influenced by the physical and mechanical properties of the
epoxy. This circumstance was supported by the visual analysis of the FRP sheets
after failure. In fact, the debonded surface of the FRP strip was smoother in the first
40 mm close to the loaded end, which approximately corresponded to the length of
the cohesive crack a during fatigue (see Carloni 2013).

Carloni (2013) used the relationship of Eq. (6.21) between the load-carrying
capacity and the fracture energy of the FRP-concrete interface to prove indirectly
that the load at the peak of the ten cycles PCycles

crit , after reaching the slip gD, was

related to the corresponding fracture energy Gfatigue
F and, therefore, the approxi-

mation of the strain profiles with Eq. (6.20) was acceptable.

PCycles
crit ¼ bl �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Gfatigue

F � Ef tf

q
ð6:21Þ

PCycles
crit is provided in Table 6.1 for the three tests and should be compared to the

applied load at the peak of the cycles Pmax, which was equal to 4.2 kN. The
calculated loads PCycles

crit were in good agreement with the applied load Pmax.

Database

From the experimental test data described in Bizindavyi (2003), Budelmann (2013),
Carloni (2012), Dai (2005) and Ferrier (2005) the S-N curve can be determined. For
determining the number of load cycles N30 needed for reaching a debonded length
of 30 mm, a linear increase of the debonded length is assumed. The number of load

Table 6.1 Fracture parameters during fatigue loading

Test # LfatigueSTZ
(mm)

�e fatigue
yy

(le)
s fatiguemax
(N/mm2)

Gfatigue
F

(N/mm)
a (mm) PCycles

crit
(N/mm)

gD (mm)

DS-FT_1 [9] 50 3500 6.0 0.22 0 3.7 0.25

DS-FT_2 [9] 50 4000 6.7 0.27 68 3.6 0.30

DS-FT_3 [9] 56 4100 3.9 0.29 100 3.3 0.50
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cycles needed for reaching a decoupled length of 30 mm is calculated for the tests
from Bizindavyi (2003), Carloni (2012), Dai (2005) and Ferrier (2005) by linear
interpolation using the bond length lb and the number of load cycles until full
decoupling. For the tests from (Budelmann 2013) the number of load cycles is taken
from the strain measurements. A decoupling length of 30 mm is reached when the
strain measured with the strain gauge A0 or B0 placed 30 mm from the loaded end
exceeds the free strain measured with the strain gauge A1 or B1 located in the
unbounded region of the CFRP-plate.

For fitting the S-N curve unified related load ranges S0;i at a lower load level of 0
and the corresponding number of load cycles is needed. The unified load range S0;i
is determined in a projection analysis using the Goodman relation and Eq. (6.22).

S0;i ¼ DFL;0;i

FLb
¼

FO
L �FU

L
FLb

1� FU
L

FLb

¼ FO
L � FU

L

FLb � FU
L

ð6:22Þ

Experimental data from Bizindavyi (2003), Budelmann (2013), Carloni (2012),
Dai (2005) and Ferrier (2005) with the calculated number of load cycles N30 and the
corresponding load range S0, as well as the width bL, the thickness tL, the number of
layers nL and Young’s modulus EL of the tested FRP, can be found in Tables 6.2
and 6.3. Figure 6.6 shows the S-N curve fitted to the experimental data compared
with the approach given in the DAfStb-guideline (2012). The load range α is the
difference between maximum and minimum load FO

L –F
U
L related to the monotonic

quasi-static load-carrying capacity of the interface FLb.
A fracture mechanics based method to describe the fatigue behaviour was pro-

posed by Diab (2009) and successively modified by Carloni and Subramaniam
(2013).

In Diab (2009) the rate of debonding growth da/dN is related to the interfacial
fracture energy:

da
dN

¼ m1
Gfatigue

F

GF

 !n1

�b ð6:23Þ

The coefficients m1, n1 and β can be determined from experimental results. In
particular, β takes into account that the crack propagation rate decreases as the
debonded region increases. In Eq. (6.23) an additional coefficient, related to the
effect of the frequency, was considered equal to 1. Gfatigue

F is the interfacial fracture
energy during fatigue loading, see Table 6.1. Its relationship with the amplitude and
mean value of the load range has not been investigated in the available literature.

Carloni and Subramaniam (2013) modified Diab’s formula, as the relationship
between the applied load and fracture energy during cycles was indirectly proven:
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da
dN

¼ �m1
a
ffiffiffiffiffiffiffiffiffiffiffiffiffi
DP � �P

p

Pcrit

 !�n1

�b ð6:24Þ

where DP ¼ Pmax � Pmin and �P ¼ Pmax þ Pminð Þ=2 are the amplitude and the mean
value of the load range, respectively. Pcrit is the monotonic quasi-static
load-carrying capacity of the interface. The coefficients �m1; �n1; �b can be cali-
brated through the experimental results. a is the frequency coefficient, which takes
into account that the fracture properties during fatigue loading depend on the
frequency.

With the experimental data and the projection method presented above, another
formulation of Eq. (6.24) can be found:

da
dN

¼ 1
N�

FO
L � FU

L

	 
�
FLb

c � 1� FU
L =FLbð Þ

� �k

ð6:25Þ

where FO
L and FU

L are the maximum and the minimum values of the load range. FLb

is the monotonic quasi-static load-carrying capacity of the interface. The parameters
N*, c and k can be set to 2 × 106, 0.295 and 23.1 using the S-N curve from the
DAfStb-guideline (2012) for calculating the crack growth rate in mm per load
cycle.

Fig. 6.6 S-N curve and experimental data from Bizindavyi (2003), Budelmann (2013), Carloni
(2012), Dai (2005) and Ferrier (2005) in comparison with DAfStb-guideline (2012)
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Equation (6.25) neither takes into account that the crack propagation rate
decreases as the debonded region increases nor the effect of the frequency.
However, it represented an extension of the classical formulation of the Paris’ law
in which the effect of the amplitude and mean value of the cyclic loading were
explicitly considered, see Anderson (2004).

Codes and Guidelines

Most of the existing standards and guidelines consider aspects of fatigue only in a
rough way. In all cases the steel stress is limited to avoid a fatigue steel failure and
in some cases the FRP strain is limited. A detailed analysis method to avoid
intermediate crack debonding under cyclic load only can be found in the
DAfStb-guideline (2012). A summary of fatigue aspects in different guidelines can
be found in Kim (2008):

ISIS Canada (2001) assumes that fatigue failure of FRP strengthened reinforced
concrete beams will occur as a result of fracture of the reinforcing steel and, thus,
recommends that the stress levels in the externally bonded FRP be limited such that
the steel reinforcing bars do not yield.

fib bulletin 14 (2001) regards the fatigue state of strengthened reinforced con-
crete beams as a special design consideration. This document recommends that the
steel stress range in the fatigue design of CFRP-strengthened beams be restricted to
those allowed for an unstrengthened beam.

ACI Committee 440 (2008) gives a creep and fatigue limit for FRP. The mag-
nitude of maximum applied stress including both sustained and repeated loads for
CFRP should not exceed 55 % of its ultimate strength.

The Italian code for strengthening existing structures (CNR-DT 200-R1 2004)
provides a conversion factor of η1 = 0.5 for all types of FRP subjected to fatigue
load to account for the potential degradation of FRP-strengthening systems.

The DAfStb-guideline (2012) considers fatigue debonding at the end anchorage
of FRPs and between cracks. The steel stress range is restricted after EC2
(EN 1992-1-2 2004) as for an unstrengthened RC structure. The design concept for
bond fatigue given in the DAfStb-guideline (2012) is based on the bilinear limit
curve of the upper load from Fig. 6.7 and this depends on two verifications. It can
be verified whether the load difference ΔFL

O is within the elastic range ΔFL;el with
Eq. (6.26).

DFL;el ¼ 0:348 � f 1=4ct � FLb �DFO
L ð6:26Þ

The load difference has to be checked at the end and in the middle part of a
strengthened RC structure. In the end part, the load difference ΔFL

O has to be
calculated from the plate end to the first flexure crack. In the middle part the load
difference ΔFL

O between two cracks of a theoretical crack pattern has to be
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calculated. For the calculation of the crack spacing and the maximum plate force
difference ΔFLb between cracks the model given in DAfStb-guideline (2012) and
German Committee for Structural Concrete (2013) is used. If the condition given by
the equation above is not met, the fatigue range ΔFLb;fat can be verified as follows:

DFLb;fat ¼ a � DFLb �DFO
L � DFU

L ;

a ¼ �c � DF
U
L

DFLb
þ c;

c ¼ 0:342� N
N�

�1
k

;

N� ¼ 2� 106;

k ¼ 23:1 for N\N�

45:4 for N�N�

�
ð6:27Þ

The load range between the load difference at the upper load level ΔFL
O and the

lower load level ΔFL
U has to be smaller than the fatigue range ΔFLb;fat. The fatigue

range ΔFLb,fat depends on the lower load level ΔFL
U and decreases with a rising

lower load level ΔFL
U. It also depends on the number of load cycles N.

The reduction of the fatigue range ΔFLb,fat based on an increasing number of
load cycles N is described with the factor c given in Eq. (6.27). The
Goodman-Smith Diagram shown in Fig. 6.7 illustrates the fatigue design concept.
The horizontal line marks the elastic limit calculated with Eq. (6.26). The related

Fig. 6.7 Design concept after DAfStb-guideline (2012)
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load range α used in Eq. (6.27) and its dependence on the lower load level ΔFL
U and

the number of load cycles N is explained by the linear functions plotted above.
To prevent debonding and damage the limit for the load amplitude has to

decrease with an increasing lower load level and an increasing number of load
cycles. The design concept after DAfStb-guideline (2012) presented above shows a
simple method to calculate the limit for the load amplitude.

Effects of Fire and High Temperature

Introduction

Fire is one of the most serious potential risks for buildings and structures, and for
this reason international codes provide specific guidelines to take account of fire in
the design of structures (ACI 318-11, EN 1991-1-2, EN 1992-1-2). In some
countries (e.g. Italy, Greece, Turkey, Spain, Portugal), the earthquake, which is
often follow by fire events, is an event with greater risk for physical injury and
damage to objects and properties. However, also in some of these countries,
national codes (NTC 2008) have recently introduced more regulation for the fire
risk, by considering that human activities are in continuous development and
evolution and can be more dangerous than natural events. In this chapter, the main
effects of high temperatures on fibre-reinforced composite materials are summa-
rized. In particular, some studies carried out in the last two decades on this topic are
cited, mainly to show actual knowledge and future challenge about the degradation
of the mechanical properties of FRP materials at high temperatures.

At first, some information about the critical temperatures for FRP are given.
Then, some studies related to testing on structural members reinforced with FRP
and numerical simulations of the behaviour of FRP materials at high temperatures
are mentioned. Although for many applications there is a clear need for protection
against high temperatures, the chapter closes with an example that shows how in
some cases the protection is already self-provided by non-structural elements
having other functions.

Critical Temperatures for the Mechanical Properties

As stated in previous sections, FRP are composite materials successfully applied to
repair and/or strengthen RC structures. For external strengthening, the FRP plates
are easily bonded on concrete using adhesive, like epoxy resins, which ensure the
transfer of forces between concrete and FRP. However, degradation of mechanical
properties of composites (strength, stiffness and bond) due to high temperature (Dai
et al. 2013; Nigro et al. 2013), moisture absorption (Jia et al. 2005) and cycling
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loads (Dai et al. 2005) is a key aspect for a durable efficiency of composite
materials.

Concerning high temperature, a critical condition occurs when the glass tran-
sition temperature, Tg, of the polymer matrix is achieved, due to the softening of the
resin, which reduces the capacity of transfer of forces between the fibres. The
precise definition of the value of Tg is still under discussion in the scientific
community, because the progressive nature of the softening process makes it dif-
ficult to identify a precise temperature limit. Nevertheless, the safety check often is
conservatively performed, in the temperature domain, with reference to the value of
Tg properly reduced (ACI 440.2R-08 2008).

FRPs which polymerize in ordinary conditions, typical of in situ applications,
are characterized by very low Tg (between 45 and 80 °C for normal and heat
resistant resins, respectively). For preformed FRPs, used as internal reinforcement,
is easily possible to obtain, reinforcements with Tg above 100 °C. Curing processes
carried out at temperatures and pressures different from ordinary ones, allow to
further increase the Tg.

Although overcoming the Tg implies a reduction in strength of the reinforce-
ment, the drastic degradation of the resistance is reached at temperatures close to
melting of the resin (temperature of crystallization, Tc > Tg) or even higher. The
reduction of stiffness, instead, depends on the type of fibre reinforcement and it is
generally negligible compared to the reduction of resistance. Therefore, the real
capacity of the concrete members reinforced with FRP reinforcement, at high
temperatures, can be considerably high (Nigro et al. 2011a, b, 2013).

Review of Experimental Studies

Recent experimental studies showed that the softening of the resin which begins
when Tg is achieved, involves a drastic reduction of the adhesion properties (Bisby
et al. 2005). Hence, the efficiency of the strengthening system for existing struc-
tures, which mainly depends on the effectiveness of the bond between FRP and
concrete, is strongly affected by the temperature.

Some experimental tests (Deuring 1993) showed similar problem when con-
ventional steel strengthening are used without mechanical anchoring. The com-
parison between steel and FRP strengthening systems showed that FRP, in
particular sheets, without protection behave better than steel plates because of the
lower heat conductivity and their smaller weight. Clearly, FRP externally
strengthened RC beams or slabs need the protection with additional insulation in
order to avoid the debonding between FRP sheets or laminates and concrete sup-
port. Consequently some researches were devoted to study the performances of
FRP strengthened elements protected by different insulation systems in order to
individuate the minimum requirements to obtain satisfactory performances in fire
(Bisby et al. 2005).
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No information is apparently available on the specific mechanical or bond
properties of typical FRP systems used for strengthening RC structures after
short-term exposure to elevated temperatures, although limited information is
available on the residual mechanical properties of specific FRP materials used in the
marine, aerospace, and automotive industries after exposure to high temperature
(Mouritz and Mathys 1999; Mouritz and Gibson 2006; Bai et al. 2007). Basic
research has been reported on the post-heating residual performance of FRP
wrapped concrete cylinders (Cleary et al. 2003; Saafi and Romine 2002), although
the data presented in these studies do not elucidate the specific performance of the
FRP systems. Only one limited study is available on the high temperature perfor-
mance of the FRP-to-concrete bond loaded in shear (Gamage et al. 2005), although
residual properties are not addressed. Several large-scale standard fire tests have
also been performed (Deuring 1993; Blontrock et al. 2001; Kodur et al. 2007), but
the data do not address the specific performance of the FRPs either during or after
high-temperature exposure.

A significant research effort over the past decade has demonstrated that appro-
priately designed and adequately insulated FRP strengthened RC beams, slabs, and
columns, are capable of achieving adequate fire endurances (Kodur et al. 2007).
However, these researches have not provided much insight into the specific per-
formance of the FRP strengthening systems or the bond between the FRP systems
and the substrate concrete, either during exposure (i.e., at high temperature) or once
they have cooled to room temperature (i.e., residual performance). Information is
thus required before defensible strengthening limits and allowable thermal expo-
sures can be suggested for FRP strengthening systems, particularly in cases where
the FRP system is required to be effective during or after a fire (Porter and Harries
2005). Information is also needed to develop economical fire insulation schemes for
FRP strengthened members, even in cases where the FRP is not required to be
structurally effective during a fire.

Numerical Modeling

Probably, in order to extend the results of experimental tests to different cases, using
a numerical model could be appropriate. Indeed, the behaviour of structures
exposed to fire is usually described in terms of fire resistance but, in real buildings,
structural members are part of a continuous assembly, and building fires often
remain localized, since the fire affected region of the structure receiving significant
restraint from cooler areas surrounding it. The real behaviour of these structural
elements can therefore be very different from that indicated by standard furnace
tests and should be investigated, as is usual within the Fire Safety Engineering
approach.

Clearly, the accuracy of the thermo-mechanical analysis is dependent on the
main properties required to calculate the temperature distribution (i.e. specific heat,
thermal expansion and thermal conductivity) and the constitutive laws used to
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define the mechanical behaviour of materials (i.e. strength, stiffness and bond
properties), both at ambient and elevated temperatures. For many of these param-
eters suggestions in technical code are not univocal for concrete and are still lacking
for FRP. Thus, more research is needed to improve the accuracy of the numerical
models.

Obviously, if the FRP strengthening is not directly heated by fire or other sources
of heat, the performances may be better. Hence, FRPs can be successfully used to
strengthen bridges, where fire is not a primary action to be considered during design
(Bisby et al. 2005). Nevertheless, it should be noted that bituminous paving casting
on a bridge deck can easily lead to have high temperature (e.g. 200 °C).

On this issue Nigro et al. (2013a, b) investigated the thermo-mechanical
behaviour of RC bridge decks strengthened with externally bonded FRP plates. The
results are summarized in the following section.

The Effects of High Temperatures in a Practical Application

In Nigro et al. (2013a, b) two possible environmental conditions leading to thermal
states different from the normal ones were studied with reference to bridge decks:
(a) fire exposure over the bridge deck due to an accident involving camions;
(b) bituminous paving casting on a bridge deck. Indeed, in both case the temper-
ature at the FRP-to-concrete interface can overcome the above mentioned glass
transition temperature, Tg.

The relationships suggested by Italian and American codes, to evaluate the limit
strain for FRP debonding at normal temperature, were modified to take into account
the effect of high temperature on the debonding of FRP. Then, thermo-mechanical
analyses were performed by varying the thicknesses of the slab and the protection
layer in order to assess their influence on the thermal field in the structural member.
Furthermore, normal resin (NR) with Tg = 45 °C and heat-resistant resin (HR) with
Tg = 80 °C were considered. The results were discussed in terms of both temper-
atures and safety checks carried out for both ultimate and serviceability limit states
(ULS and SLS).

The ULS checks were always satisfied, mainly because the flexural capacity
provided by FRP can be neglected during fire or maintenance activity. By contrast,
the SLS checks performed to assess the damage levels in the FRP strengthening
system during these events show that constructive details and type of resin play a
key role.

In the case of fire event over the bridge deck, if the strengthening is on the
bottom side, for typical design load level ηfi = 0.7, FRP damages (i.e. debonding)
were not attained for long time of fire exposure, even if the resin achieved the glass
transition temperature, Tg. If the strengthening is located on the top side of the slab,
the use of heat resistant (HR) resins is suggested. If normal resin (NR) is used,
a protection layer on the FRP strengthening is recommended, in order to increase
the maximum time of fire exposure without FRP damage.
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In order to show that the achievement of the Tg may be not a critical condition
for the strengthening system, in Fig. 6.8 the bending moment of the FRP
strengthened slab, MRd,fi,FRP, reduced for the effect of the fire exposure, is plotted
versus the time for the 15 cm thick slab, normal resin and four thicknesses of
protective layer, tprot. Moreover the bending moment in fire situation MEd,

fi = 49.7 kNm is shown. Note that MRd,fi,FRP was calculated by using the rela-
tionships suggested by CNR DT 200/2004 to evaluate the debonding strain at
ambient temperature. As stated above, the relationships were modified to take into
account the effect of high temperature.

Figure 6.8 shows that the time of fire exposure before the debonding of the FRP
ranges between 82 and 120 min. Note that these values are higher than those related
to the achievement of the Tg at the FRP-to-concrete interface (i.e. 50 and 80 min)
and probably more realistic to assess the FRP damage.

In the case of bituminous paving realization, for strengthening on the bottom
side, the results are quite similar to those obtained in case of fire. On the other hand,
if the strengthening is located on the top side of the slab, the use of HR resins is
necessary in order to avoid damages in the FRP strengthening. Otherwise thick
protective layer of concrete is required also for low load levels.

The results obtained through the relationships provided by different codes (i.e.
Italian and American codes) for ambient temperature and refined with the suggested
model are in a good agreement (see Fig. 6.9). However, so far, more research is
needed to improve the reliability of codes suggestion.

Fig. 6.8 Slab safety check in
hogging moment region (fire
on the bridge)—Te = 25 °C—
Slab thickness = 15 cm—
(NR)
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Long Term Properties of FRP Systems

Introduction

Regarding the long term performance of a composite system, few authors have
dedicated their efforts to the assessment of the performance of the intervening
materials (Diab and Wu 2007; Wu and Diab 2007; Meaud et al. 2011).

Apart from changes in applied external actions, the long term performance of a
CFRP-adhesive-concrete system is only expected to be affected by the creep,
shrinkage or relaxation of each of the components of the system. While the creep
and shrinkage of concrete have already been comprehensively studied over the
years, limited information is available regarding the creep/shrinkage/relaxation of
composite materials. In this chapter a resume on the collected information in this
respect is provided.

FRP Relaxation

Bibliographic research has shown that FRPs are known to present low pre-stress
losses, as a result of their relatively low elastic modulus (Lopez-Anido and Naike
2000), and lower stress relaxation than steel strands (Dolan et al. 2001;
Sayed-Ahmed 2002). In fact, even though FRP materials are able of exhibiting an

Fig. 6.9 Comparison
between codes
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elastic modulus, Ef, close to 200 GPa, most of the materials available reveal to have
an average maximum Ef of about 160 GPa.

Wang et al. (2012) carried out relaxation tests in CFRP sheets and concluded
that the relaxation loss due to sustained deformation levels ranging between 40 and
56 % of the material’s tensile strength was determined to be 2.2–6.6 %, as dem-
onstrated in Fig. 6.10. Moreover, this relaxation was mostly concentrated in the first
100 h of sustained deformation, as depicted in Fig. 6.10 and, after this period it
becomes almost negligible. These authors have even suggested that the measured
relaxation is primarily caused by the relaxation of the resin and straightening of
fibres. The carbon fibres themselves are identified as having no relaxation what-
soever (Dolan et al. 2001).

According to Dolan et al. (2001) the relaxation losses in FRP tendons can be
caused by three main sources: the relaxation of resin that bonds the fibres together,
the lack of parallelism between individual fibres, and the relaxation of fibre itself.
Due to these reasons, the relaxation is a characteristic attributable to the fibre type
and is generally lower than 12 % over the life of the structure. In the case of CFRP
tendons, relaxation losses of approximately 5 % are reported.

Based on these assumptions, it is suggested that FRP relaxation is not a relevant
effect for the long-term performance of CFRP laminates. Since in FRP laminates the
fibre content is particularly large when compared to FRP sheet coupons, the matrix
bonding them together will take only a small portion of the applied load and,
therefore, the first source of relaxation may be ignored. Regarding the alignment of
the fibres, since FRP laminates are produced by machines, in opposition to FRP
sheets, which are manually applied, no significant eccentricities are expected along
each fibre and as a result, the second source of relaxation may also be disregarded.
Finally, as carbon fibres themselves are reported to have no relaxation, the total
amount of relaxation expected is even more reduced.
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Fig. 6.10 Stress relaxation in
CFRP sheets. Adapted from
Wang et al. (2012)

226 F. Ceroni et al.



Adhesive Shrinkage

The volumetric shrinkage of epoxy-based adhesives is generally restricted to the
shrinkage occurred during the curing process and is found to be within the range
2–7 % (Li et al. 2004; Yu et al. 2005; Khoun and Hubert 2010).

Concerning the epoxy-based adhesives used in structural applications they reveal
such an insignificant shrinkage coefficient, that this parameter is often not even
quantified in most materials’ datasheets. However, when complete cure is achieved,
the shrinkage coefficient variation becomes negligible, as suggested by (Yu et al.
2005; Khoun and Hubert 2010), and the long-term behaviour of the adhesive is no
longer shrinkage dependent, but creep-dependent as it will be revealed hereafter.

Adhesive Creep

Introduction

The creep behaviour of plastics is usually fragmented in three major creep stages
(ASTM 2990 2001, Majda and Skrodzewicz 2009): primary creep, secondary creep
and tertiary creep. As depicted in Fig. 6.11, in the first phase the material adjusts its
deformation level to the installed level of stress. This phase is followed by a
stationary stage where creep gradually increases until a third phase is reached,
where strain suddenly increases and fracture occurs. It is believed that this
behaviour is valid under any applied stress, temperature and humidity. However,
for low levels of applied stress, the time necessary to reach the tertiary creep state
may be so long that it may never be achieved.

The primary function of an adhesive in structural applications is to transmit
stress equally over large areas without loss of integrity (Feng et al. 2005). Structural
adhesives exhibit, however, notable viscoelastic behaviour, since their deformation,
e, under a constant stress, r, varies significantly in time. This behaviour is fre-
quently modelled using rheological models and is usually illustrated by means of
Hookean springs and Newtonian dashpots that replicate, respectively, the elastic

Time

Strain Fracture

Primary
Creep

Secondary
Creep

Tertiary
Creepεelastic

Fig. 6.11 The three stages of
creep (at constant stress,
temperature and humidity)
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and viscous components of the material’s behaviour (Brinson and Brinson 2008). In
Fig. 6.12, the most common rheological models are presented:

– Maxwell Model—illustrated in Fig. 6.12a, this model is a 2-parameter model
that results of associating, in series, a spring with EM elasticity and a dashpot
characterized by gM dynamic viscosity;

– Kelvin Model—depicted in Fig. 6.12b, it is also a 2-parameter model that
consists in combining, in parallel, a spring of elasticity EK and a dashpot of gK
dynamic viscosity;

– Burgers Model—schematized in Fig. 6.12a–d, this 4-parameter model can be
obtained by joining in series Maxwell and Kelvin’s Model (EM , gM , EK and gK
in Fig. 6.12c or, in alternative, by connecting two Maxwell models in parallel
(E0, g0, E00 and g00 in Fig. 6.12d).

It is possible to create models like the generalized Maxwell Model or generalized
Kelvin Model, depicted in Figs. 6.13 and 6.14 (Brinson and Brinson 2008).

It is relatively simple to obtain the solution of each of these models and, the
deduction of each equation can be found in Costa and Barros (2011).

(a) (b) (c) (d)
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Fig. 6.12 a Maxwell model, b Kelvin model, c Burgers model—common configuration,
d Burgers model—alternative configuration
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Fig. 6.13 Generalized
Maxwell fluid
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Standards on Creep Behaviour

According to ISO 899-1 (2003) test method, load shall be applied smoothly to a
standard specimen, as defined in ISO 527-2 (1993), within 1–5 s and maintained for
at least 1000 h (approximately 42 days). Strains, temperature and humidity should
be measured according to the schedule presented in Fig. 6.15.

ISO 527-2 (1993) recommends bone-shape specimens to be moulded using the
geometry depicted in Fig. 6.16 (see also Table 6.4).

For different temperature and/or humidity level, one creep curve shall be
obtained. To construct the desired creep curves, creep strains and/or creep moduli
(defined in Eq. 6.28) are plotted against the logarithm of time, for every initial level
of applied stress, r, (see Fig. 6.17). Isochronous curves, which consist in Cartesian
plots of stress versus strain at specific time instants, similar to those depicted on
Fig. 6.17c, can also be presented.

Ee ¼ 2Gr 1þ mð Þ ð6:28Þ
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Fig. 6.14 Generalized Kelvin solid
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Fig. 6.15 Data acquisition schedule (ISO 899-1 2003)
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Fig. 6.16 Directly-moulded
specimens (Type 1A, ISO
527-2 1993)
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ASTM 2990 (2001) also addresses creep of plastic materials under specified
environmental conditions. Loading shall also be applied in the specimen rapid and
smoothly in 1–5 s, and the strains shall be recorded at the time instants shown in
Fig. 6.18. To evaluate creep, the use of the normalized specimens produced
according to ASTM D 638 (2003) is suggested (Fig. 6.19; Table 6.5).

Table 6.4 Dimensions, in millimetres, of ISO 527-2 (1993) directly-moulded specimens (Type
1A)

Variable Description Dimension
(mm)

Tolerance
(mm)

b1 Width of the narrow portion 10 ±0.2

b2 Width at the ends 20 ±0.2

h Preferred thickness 4 ±0.2

L Initial free distance between grips 115 ±1

L0 Gauge length 50 ±0.5

l1 Length of the narrow parallel-sided portion 80 ±2

l2 Distance between broad parallel-sided portions 104–113 –

l3 Overall length ≥150 –

r Radius 20–25 –

(a) (b) (c)
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Fig. 6.17 Example of creep curves (ISO 899-1 2003): a creep strain curves, b creep modulus
curves and c isochronous stress–strain curves
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Fig. 6.18 Strain measurement schedule (ASTM 2990 2001)
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Research on Creep Behaviour

Feng et al. (2005) suggested that it is possible to estimate the tensile creep strain,
ecreep t; Tð Þ, by the exponential function:

e t; Tð Þ ¼ r0
E0

þ r0
1
Ee

� 1
E0

� �
1� e� t=t�ð Þ1�n
� �

ð6:29Þ

where r0 is the applied stress level, E0 the initial Young modulus, Ee is the
equilibrium modulus given in Eq. (6.28), t� is the relaxation time and n a coupling
parameter related to moisture absorption.

Ee ¼ 2Gr 1þ mð Þ ð6:30Þ

where Gr is the rubbery plateau shear modulus, and m the Poisson’s ratio (m = 0.5
since the material is in the rubbery state). Feng et al. (2005) obtained in their tests
values of n ranging from 0.51 to 0.73. Majda and Skrodzewicz (2009) proposed a
model purely based on Burgers Model:

GripGrip

D

G

L

LO

T

WO

R

W

Fig. 6.19 Directly-moulded
specimens (Type 1A,
ISO 527-2 1993)

Table 6.5 Dimensions, in millimetres, of ASTM D 638 (2003) preferred specimens (Type I)

Variable Description Dimension (mm) Tolerance (mm)

D Distance between grips 115 ±5

G Gauge length 50 ±0.25

L Length of narrow section 50 ±0.5

LO Overall length ≥165 –

R Radius of fillet 76 ±1

T Thickness ≤7 –

W Width of narrow section 19 +6.4

WO Width at the extremities 80 ±2
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e t; Tð Þ ¼ r0
E0

þ r0
g0

t þ r0
E1

1� e�t=t�	 
 ð6:31Þ

where

t� ¼ g1
E1

ð6:32Þ

Majda and Skrodzewicz (2009) also suggested that the coefficients of dynamic
viscosity, g0 and g1, as well as the elastic modulus are primarily dependent on the
applied stress, and:

g0 r0ð Þ ¼ ea1�a2r0 ð6:33Þ

g1 r0ð Þ ¼ ea3�a4r0 ð6:34Þ

E1 r0ð Þ ¼ a5r
2
0 � a6r0 þ a7 ð6:35Þ

The rheological properties (E0, E1, g0 and g1) were quantified by means of
nonlinear regression analysis of the experimental creep tests at four different levels
of applied stress, at a constant temperature of 22 °C (Table 6.6). Later, the different
ai coefficients can be obtained applying ordinary trend lines (logarithmic/quadratic
regressions) as well as by non-linear regression (Table 6.7).

Choi et al. (2007) presents the results of creep tests performed in double-shear
specimens during 6 months, where creep specimens with different adhesive layer
thickness and applied stress were considered. The authors suggest that the total
strain due creep also follows the following exponential law:

e t; Tð Þ ¼ r0
E0

þ r0
/u t1ð Þ
E0

1� e�t=t� � ð6:36Þ

with the values for the parameters indicated in Table 6.8.
By carrying out tensile tests with a current type of adhesive used to bond CFRP

laminates to concrete in the NSM technique, Costa and Barros (2013) and Costa
(2014) have concluded that after 2 days of curing, the properties of the adhesive are
nearly the same as obtained for the recommended curing time (7 days).

Table 6.6 Parameters of the Burger’s model determined on creep test of an epoxy adhesive at
22 °C (Majda and Skrodzewicz 2009)

r0 (MPa) E0 (GPa) g0 (GPa h) E1 (GPa) g1 (GPa h) t� (min)

15 2.232 22.4 1.173 0.48 24

20 2.232 4.12 0.788 0.23 18

25 2.232 1.49 0.896 0.07 5

30 2.232 0.36 1.380 0.06 3

Obs. The tensile strength of the adhesive is 46.6 MPa
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By performing creep tensile tests with three series of specimens of this type of
adhesive, these authors have verified that up to sustained stress levels of 60 % of the
adhesive’s tensile strength, the adhesive behaves as a classic visco-elastic material
and can easily be parameterized using the modified Burgers model (Figs. 6.20, 6.21
and 6.22; Table 6.9). In the experimental tests performed, the results suggest that
the properties of the adhesive tend to deteriorate with time and therefore, a special
attention should be taken regarding the time between adhesive production and

Table 6.7 Values of ai for simple and non-linear regressions (Majda and Skrodzewicz 2009)

Coefficient Unit Trend line Nonlinear regression

a1 ln(Pa s) 35.8 37.38

a2 Pa-1 ln(Pa s) 27 × 10−8 31.97 × 10−8

a3 ln(Pa s) 30.3 30.72

a4 Pa−1 ln(Pa s) 14 × 10−8 16.62 × 10−8

a5 Pa−1 9 × 10−6 12.27 × 10−6

a6 – 394 516.9

a7 Pa 50.2 × 108 60.70 × 108

Table 6.8 Test results in laboratory environment −20 °C and 50 % relative humidity (Choi et al.
2007)

Specimen Epoxy thickness (mm) r0 (MPa) Monitored FRP /u t1ð Þ t� (days)

1 0.242 0.09 Face 1 1.17 43.3

Face 2 1.02 2.1

2 0.176 0.17 Face 1 2.89 1.1

Face 2 2.94 1.7

3 1.500 0.17 Face 1 2.59 0.2

Face 2 2.39 0.1

Double-shear specimen ultimate resistance: 0.56 MPa
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Fig. 6.20 Modified Burgers
model—Series I
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application. It is also noteworthy that after 1000 h of loading, the adhesive samples
exhibited about 4 times the deformation at time of loading (creep modulus of
roughly 25 % of the initial stiffness) without rupturing. According to the initial
tensile tests performed, a maximum strain at rupture of about 3 ‰ was obtained,
while during the creep tests the material was able of somehow reorganizing its
internal structure to withstand almost the double of this deformation.

Based on the experimental results the following equation was proposed to
estimate the tensile creep modulus (Costa and Barros 2013):

Ecreep tð Þ ¼ r
ecreep tð Þ ¼ Ecreep ¼ 1

1=EM
þ t=gM þ 1=EK

1� e
� EK

gK
t

� �1�n
0
@

1
A

ð6:37Þ

where its good predictive performance is visible in Fig. 6.23 by considering the data
from Table 6.9.
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Fig. 6.21 Modified Burgers
model—Series II
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Anchorage Systems for External Strengthening with FRP

Special Anchorage for Flexural Strengthening

For flexural strengthening the most common anchorage system is given by a FRP
sheet or a FRP or steel laminate glued transversally to the strengthening direction.
The good performance of such a type of anchoring was tested in Ceroni et al. (2008)

Table 6.9 Average modified Burgers equation parameters of all series tested

Parameter EM (GPa) gM (GPa h) EK (GPa) t� (h) gK (GPa h) n

Series I 9.49 13,482 5.27 24.3 128 0.47

Series II 8.80 11,544 4.50 19.7 88.7 0.53

Series III 8.84 18,446 3.09 18.8 58.1 0.50

Average 9.04
(0.39)
{4 %}

14,491
(3560)
{25 %}

4.29 (1.10)
{26 %}

20.9 (3.0)
{14 %}

91.7 (35.2)
{38 %}

0.50
(0.03)
{6 %}

Average (Standard Deviation) {Coefficient of Variation}
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Fig. 6.23 Creep modulus curves based on the analytical results: a series I, b series II, c series III
and d all analytical curves (Costa 2014)
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on specific bond tests. This is a reliable solution when the FRP-to-concrete width
ratio is less than 1, because the transversal sheet/laminate allows extending the width
of concrete covered by the FRP strengthening. In Ceroni and Pecce (2010) a simple
method based on geometrical considerations is proposed in order to take into account
such an enlargement of the bonded width in the theoretical expression of the deb-
onding load.

When the FRP-to-concrete width ratio approaches to 1, a simple transversal strip
becomes unhelpful and U-shaped fibre sheets result more efficient. For example one
strip at the end or strips distributed along the beam can be considered (see
Fig. 6.24): relevant increasing of the ultimate strength and ductility at failure can be
obtained by using these systems (Ceroni 2010) allowing a better use of the tensile
strength of the fibres. Sharp edges of the section are recommended to be
mechanically rounded before application. In this case, a minimum radius of 30 mm
is recommended.

In Al-Mahaidi and Kalfat (2011) the efficiency as anchor devices of unidirec-
tional CFRP fabric wrap applied orthogonally or parallel to the direction of the FRP
reinforcement was tested by means of bond tests. In the former configuration the
load increase was of 19–28 % mainly due to a strut-tie resistant mechanism
resulting from the fabric fibres inclining towards the load direction; in the latter
configuration the load increase was 18–37 % due to a transfer of bond stresses to a
greater distance from the loaded end.

Steel U-shaped devices as the ones tested by Blaschko (2001) and
Mukhopadhyaya et al. (1998) can be an alternative solution for end anchorage. The
basic scheme of tests made with special anchoring devices for CFRP strips is shown

Fig. 6.24 Possible shear U-shaped anchoring devices (Ceroni 2010)

Fig. 6.25 Anchorage for CFRP strips special anchorage system (Zehetmaier 2000)
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in Fig. 6.25 (Zehetmaier 2000). This system can be applied in case of strengthening
of slabs, where no wrapping is possible, or local strengthening and as an anchorage
for pre-stressed strips. A minimum concrete cover of about 20 mm is required.

In general, anchoring devices that may influence the integrity of the strength-
ening system should be avoided. For example, anchoring solution with bolts need
of holes that could lead to interlaminar shear failure or splitting of the
strip. Moreover, holes reduce the cross section of the strip. However, in case of
using bolted systems, it is not adequate to drill through the strengthening strip
omitting special provisions, as compressive forces can weaken the
strip. Multidirectional fibres at the location of the bolts can be used in order to allow
the end tabs take the full force to be anchored (Tan 2001). Bolts should be anchored
in the concrete to a depth beyond the steel reinforcement.

Bolted devices could give a better performance if used to anchor prefab lami-
nates with suitable systems provided by manufacturers.

Nail anchors made by wide ringed head nylon anchor with zinc plated hammer
screw were used by (Prota et al. 2006) to mechanically anchor beams strengthened
with steel tape and cementitious grout.

Fibre fan anchor systems (see Fig. 6.26) are becoming very diffuse. A hole is
drilled in the concrete on the same plane of the strengthening. A glass or carbon
fibres tow (see Fig. 6.26a) is forced through the impregnated fabric end into the
predrilled hole and the ends are splayed outwards on the continuous sheet rein-
forcement with epoxy resin (see Fig. 6.26b).

Experimental studies about the effectiveness of fan shaped anchors were made
by (Özdemir 2005); he founded that: (1) anchors have to be inserted at least 50 mm
into the core of the concrete (depth of 130–150 mm); (2) the cross-sectional area of
anchor has to be at least two times greater than the cross-sectional area of the
longitudinal sheet; (3) splitting the anchor into as many smaller anchors at about a
40 mm spacing as possible.

Such type of anchoring system was tested also by (Ceroni and Pecce 2010) that
achieved an increasing of ultimate strength at least of 25 % in bond tests on

Fig. 6.26 a Carbon fibre fan anchor; b splaying of fibres outwards the hole
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concrete blocks externally strengthened with carbon sheets when carbon FRP fans
were used as end anchoring devices. It is worth to note that the details and accuracy
of application procedures can be very influential on the strength increase.

Also (Orton et al. 2008) focused attention on the constructive detailing requested
during the installation phase for warrant the efficiency of fan shaped anchor
systems.

The effects of anchor splay diameter, anchor diameter and thickness of the FRP
sheet have been investigated in (Niemitz et al. 2010).

In Eshwar et al. (2008) the effect of the location and the embedment of spike
anchors (10 mm diameter) was experimentally investigated; the experimental
results evidenced a significant improvement of strength (25–200 %). A minimum
embedment depth of 50 mm in the concrete substrate is suggested, since further
increase of the depth resulted ineffective. Multiple anchor spikes significantly
increase the strength (+200 %).

In Zhang and Smith (2012a) the influence of FRP anchor fan configuration and
dowel angle on the effectiveness of such an anchoring system for FRP reinforce-
ment was investigated in several shear bond tests. In particular, bow-tie FRP
anchors (fans oriented in opposite direction along the longitudinal FRP reinforce-
ment) and single fan FRP anchors (fan fibres oriented only in one direction) were
tested (see Fig. 6.27). Tests evidenced that single fan FRP anchors with the fan
oriented in the direction of load allowed an increasing of the failure load of about
100 % compared with the not anchored specimens. The same load increase was
attained using the bow-tie FRP anchors, although the fibre content was twice in this
case. When the single fan anchor is positioned with the fan in the reverse direction
of the applied load the efficiency into increase the failure load was lower (+60 %).
Moreover, the load-slip experimental curves evidenced that the FRP fan anchors
enabled a friction resistance that gave to the joint a post-peak reserve and larger
ultimate slip, especially in the case of bow-tie configuration. For the single fan
anchor the increasing of the angle of the anchor dowel (in the range 45°–157°,
while in the basic configuration the angle is 90°) respect to the led to an increase of
the failure load (25–160 %) and a decrease of the ductility of the joint due to the
brittle failure of the anchor.

Fig. 6.27 a Bow-tie anchor, b single fan anchor (Zhang and Smith 2012a)
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In Zhang and Smith (2012b) multiple single fan anchors (one, two, three) were
tested in bond tests that substantially evidenced higher maximum load as the
number of fan increase, even if the results were more scattered, and lower maximum
slip. The concept of flexible and rigid anchors was also introduced and tested: in the
flexible anchor there is no epoxy impregnating the region where the fibres of the
anchor bend 90° at the junction of the fan and dowel components in order to
provide larger slippage of the reinforcement. Experimental results evidenced that in
the rigid anchored joints, after the plate debonding, the anchors failed immediately
and no post-peak reserve of strength was observed with a consequent reduction of
maximum slip that was on average only 36 % of the value attained in the flexible
anchored joints. The maximum load in the rigid anchored joints was on average
32 % greater than the load in flexible ones.

The efficiency of single and bow-tie fan anchors located at the plate end or
distributed along the plate into increase strength and ductility of RC slabs was
proved by (Smith et al. 2013).

An alternative anchoring solution is represented by the application of a FRP bar
placed transversally to the direction of the strengthening in a groove filled with
resin according to the Near surface mounted bars technique (Khalifa et al. 1999,
2000). This solution can be reliable when the strengthening-to-concrete width ratio
is approaching 1. Different solutions can be performed by positioning the FRP bar
on a plane surface or in the corner (see Fig. 6.28). For such a technique a sufficient
cover is requested for realizing the groove and installing the NSM bar inside. In
(Eshwar et al. 2008) the location of the FRP bar, the grove size and the size of the
anchoring bar were investigated in an experimental study. The strength was sen-
sibly increased (also until 50 %) compared with not anchored specimens, even if the
best performances were obtained when the anchor bars are located after re-entrant
corner (see Fig. 6.28a) instead of before the re-entrant corner (see Fig. 6.28b), larger
grooves are executed and more bars applied transversally to the reinforcement. In
particular, a minimum groove size varying between 1.5 and 2.5 times the bar
anchoring diameter and a minimum of 3 GFRP bars are suggested.

The use of FRP bars as anchoring system could create local concentrated stresses
where fibres are turned into the groove with cutting of fibre on the corner

(a)       (b) 

Fig. 6.28 NSM bars for plane surface anchorage for beams/slabs flexural strengthening: a after
the re-entrant corner; b before the re-entrant corner
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(Ceroni et al. 2008). However an increasing of ultimate strength at least of 25 % has
been experimentally observed if NSM bars are used as end anchorage (Ceroni and
Pecce 2010). In Eshwar et al. (2008) a minimum radius of 13 mm is suggested at
the corners of the groove to limit stress concentration.

Special Anchorage for Shear Strengthening

For EBR shear strengthening anchoring systems could be particularly useful due to
the reduced bond length available in order to avoid debonding. Proper anchorage
can be made by systems suitably anchored in the compression zone of the
strengthened section.

For shear strengthening solution similar to those proposed for flexural
strengthening can be performed. Steel or FRP laminates glued or bolted transver-
sally to the direction of the fibres can be successfully utilized when the not com-
pletely wrapped shear reinforcement configuration is adopted.

Special fan anchors can be used also in shear strengthening according to several
configurations as tested by Jinno et al. (2001), Kobayshi et al. (2001) to solve the
problem of passing fibres of reinforcement through the web of a ‘T-section’ in order
to anchor fibres in the compressive zone (see Fig. 6.29).

Near surface mounted bars have been successfully applied as anchorage systems
also at the end of shear strengthening (Fig. 6.30), according to the same applying
procedure above described.

Fig. 6.29 Fan fibres anchors
for shear strengthening (Jinno
et al. 2001; Kobayshi et al.
2001)
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Special Anchorages for Confinement

For confinement of columns where walls physically obstacle the complete wrapping
of the elements, application of fan fibres (Jinno et al. 2001; Kobayshi et al. 2001)
can give continuity to the reinforcement (see Fig. 6.31a).

Since the application of EBR on rectangular columns or pier walls with large
aspect ratio does not actually confine the internal concrete, the EBR jacket need to
be constrained on both sides along the length through the use of dowels or bolts or
spike anchors. Such systems anchor the jacket to the pre-existing structure, thereby
creating shorter distances which are confined between bolts (Fig. 6.31b). The
positive effect of fibre anchors on the strength enhancement of wall-like columns
confined with FRP was tested by (Tan 2002).

Spike anchors provide a low cost solution also to anchor the confinement jacket
to the existing structure and has been tested with very good results for the
attachment of FRP jackets at the reentrant corners of L-shaped cross section col-
umns (Karantzikis et al. 2005). Experimental tests evidenced that the partial depth

Fig. 6.30 NSM bars as anchors for U-wrap shear strengthening of an R.C. beam

(a)            (b)
Column

Confinement

Wing
wall

Fan 
anchor

Fig. 6.31 a Fibre fan anchor device for confinement of columns; b fibre fan splayed on the
confining strengthening
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anchors give a good effectiveness in terms of deformability and strength increasing,
while the benefit provided by full depth anchors are not justified by the high
difficulty of installation.

Special Anchorages for Flexural Strengthening of Columns

The anchorage of flexural reinforcement of footing-column/wall joints should be
provided. Possible solutions based on the use of steel spike anchors (Fig. 6.32) were
tested by (Prota et al. 2005), where the flexural reinforcement was successively
wrapped with a FRP jacket, and by (Ascione and Berardi 2011), where the FRP
composite was bonded to the device steel plates bolted to each other (double lap
bolted joint, see Fig. 6.33).

The flexural strengthening of columns can be realized also with NSM CFRP rods
that can be anchored at the beam-column joint by wrapping the end with FRP
carbon sheets (Prota et al. 2004).

In Antoniades et al. (2003, 2005) U-shaped devices made by FRP fibres or by
steel or FRP laminates glued or bolted were successfully tested as anchoring

Fig. 6.32 Flexural
strengthening at the footing
joint of a RC column using
steel spikes wrapped with a
FRP jacket (Prota et al. 2005)
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systems of flexural reinforcement of column and walls at the footing zone.
Effectiveness of bolted laminates into improve bond of FRP laminates in flexural
strengthening of RC walls was tested by Tan et al. (2003) and Nagy-Gyorgy (2005).

Mechanically Fastened Systems

Description of the MF-FRP System

The implementation of mechanically fastened Fibre Reinforced Polymer (MF-FRP)
systems for the flexural strengthening of RC members has emerged as an alternative
to FRP materials adhesively bonded to the concrete substrate. The MF-FRP system
consists of pre-cured FRP laminates with enhanced bearing strength that are con-
nected to the concrete substrate by means of steel nails, anchor bolts, concrete
screws, or combinations thereof.

Fig. 6.33 Flexural
strengthening of a RC column
using anchorage device
(Ascione and Berardi 2011)
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Compared to the adhesive bonding FRP method, the benefit of MF-FRP is the
speed of installation with unskilled labour, minimal or absent surface preparation
under any meteorological condition and immediate use of the strengthened struc-
tures; also, the MF-FRP system is less vulnerable to fail prematurely by FRP
delamination, which abruptly reduces the flexural strength gain and affects the
member ductility. Some of the potential shortcomings are: possible concrete
damage during anchoring and limited opportunity of installation in the presence of
congested internal reinforcement in the members to be strengthened. Laboratory
testing and a number of field applications have shown the effectiveness of the
MF-FRP method.

FRP Strips

Unidirectional pultruded laminates currently used to be adhesively bonded onto the
concrete surface are not suitable to be mechanically attached with steel anchors.
These laminates are designed to have high modulus and strength in the longitudinal
direction and low mechanical properties in the transverse direction of the laminate.
Consequently, unless reinforcing fibres in the transverse direction of the laminate
are inserted to provide adequate bearing strength, the orthotropic nature of the
material causes the splitting failure of the laminate when a fastener is driven
through it (Lamanna 2002). Precured laminates commercially available for
strengthening with MF-FRP systems were developed in collaboration with
Strongwell (USA, www.strongwell.com) and consist of a glass and carbon hybrid
pultruded strip embebbed in a vinyl ester resin (see Fig. 6.34). The one shown has
thickness and width of 3.2 and 101.6 mm, respectively; the 3.2 mm width is a
suitable size for handling in the field. Continuous glass fibre strand mats are used to
provide transverse and bearing strength, while 16–113 yield E-glass roving and 40–
48 k standard modulus carbon tows are utilized to provide longitudinal strength and
stiffness.

Table 6.10 summarizes the relevant mechanical properties of the FRP strips
(Arora 2003). More details about the mechanical characterization of the FRP

0.125 in (3.175mm) thick

4 in (101.6 mm) wide

Fig. 6.34 Laminate available
for the MF-FRP system
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laminate in the longitudinal and transverse direction can be found in some papers
(Arora 2003; Rizzo 2005; Rizzo et al. 2005a).

Fasteners

As mentioned earlier, fastener types that have been investigated for the MF FRP
systems include: power-actuated fasteners (PAF), wedge bolts and wedge anchors
(see Fig. 6.35).

The PAF system consists of pins embedded into base materials by means of a
gunpowder charge. The effects of fastener type, washer, diameter, length, embed-
ment depth have been investigated and discussed elsewhere (Lamanna et al. 2001;
Lamanna 2002). Pre-drilling holes in the concrete is strongly recommended in order
to reduce detrimental cracking phenomena. The use of the PAF system is partic-
ularly suitable when the compression strength of the concrete is less than 27 MPa.
The presence of hard aggregates can prevent the fasteners to fully penetrate the
concrete substrate (Bank 2004). The PAF installation requires times shorter than for
wedge bolts and wedge anchors.

Wedge bolts are single-piece, heavy duty anchors that are driven into pre-drilled
holes. Driving of the wedge bolt can be performed with a common rotary drill or
impact wrench. As for the PAFs, the efficiency of wedge bolts is dependent on the
presence of hard aggregates. Preliminary studies (Rizzo et al. 2005b) indicate that
the use is not recommended for concrete with compression strength greater than
27 MPa, and with hard aggregates in the mix design.

In spite of longer installation times, wedge anchors can be used for any type of
concrete; they are driven through the laminate into predrilled holes until the nut and

Table 6.10 Properties of FRP strips (Arora 2003)

Ultimate strength Open-hole strength Sustained bearing
strength

Modulus of
elasticity

Mean
(MPa)

COV
(%)

Mean
(MPa)

COV
(%)

Mean
(MPa)

COV
(%)

Mean
(GPa)

COV
(%)

844 9.2 640 7.6 234 4.3 61.3 8.6

Fig. 6.35 Fasteners used for MF-FRP systems
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washer are firmly secured against the laminate. The anchors are typically tightened
by turning the nut with an electrical drill with torque control, according to the
specifications of fastener manufactures.

Failure Modes of FRP-Fastener-Concrete Connection

The behaviour of MF-FRP connections is related to any of the components con-
stituting the connection, which are the concrete substrate, the fastener and the FRP
material. As a result, failure modes can involve the concrete, the yielding/rupture of
fastener, or the FRP laminate.

The pry-out or spalling of the concrete (Fig. 6.36a) depends on the local com-
position of the concrete surface around the fastener. Once pry-out failure develops,
the fastener rotates and the FRP laminate pulls it out of the concrete. Several factors
promote the initiation of the concrete failure, such as a fastener hitting a hard
aggregate during installation, low concrete strength, cracked concrete substrate
conditions, short edge distance that may cause spalling, and poor fastener
embedment depth (Lamanna 2002; Arora 2003).

The fastener failure usually occurs for deep embedment length, low steel
strength and large edge distance (Rizzo 2005).

Four typical failure modes can involve the MF-FRP laminate (Fig. 6.36b):
net-tension, cleavage-tension (or block shear), bearing and shear-out. The bearing
failure is the most desirable failure mode because the connection is able to maintain
its strength until significant levels of displacement (Lamanna 2002; Arora 2003).
This failure is characterized by crushing on the material around the bolt-contact area
followed by elongation of the hole. The other failure modes tend to develop in a
more brittle way (Rosner and Rizkalla 1995). In particular, the net-tension failure is
characterized by a fracture in the reduced cross section through the bolt hole,
perpendicular to the direction of load. The cleavage failure consists of a crack
parallel to the applied load that starts at the edge of the composite and propagates
toward the bolt hole, leading to the initiation of other cracks across the net section

(a) (b)

Concrete pry-out BearingNet tension Cleavage-tension Bearing Shear-Out

Fig. 6.36 a Concrete pry-out failure; b typical failure modes of mechanically fastened
connections in FRP
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due to in-plane stress. This failure mode is attributed to a combination of shear and
tensile stress in the material. The shear-out failure, considered as a special case of
bearing, is characterized by the formation of two cracks parallel to the applied load
that propagate from the bolt hole toward the free edge.

State of Advancement and Current Research

The MF-FRP systems were firstly employed to strengthen RC bridges and infra-
structures (Oliva et al. 2003; Rizzo 2005). After the first successful field applica-
tions, a number of experimental studies have been performed around the world with
the aim of investigating the performance of RC members externally strengthened by
MF-FRP laminate and quantifying the benefits obtained in terms of strength,
stiffness and displacement capacity (Rizzo 2005; Lamanna et al. 2001, 2004a, b;
Martin and Lamanna 2008; Lee et al. 2007).

To this aim, a recently published state-of-the-art review of the experimental
research has provided compelling evidence of the effectiveness and viability of
using MF-FRP laminates to rehabilitate RC beams and slabs (Brown et al. 2011). In
the review, a database of collected test results was assembled to provide a valuable
source of information on the performances of MF-FRP strengthened beams and
one-way slabs. In a more recent paper, Martinelli et al. (2014) published an updated
database of experimental results from four point-bending tests performed on
MF-FRP strengthened RC members. As observed, the specimens tested so far have
different sizes of the cross-section, with values of the height to-width ratios span-
ning from 0.5 (“slab” type) to 1.67 (“beam” type”); the clear lengths range from
1067 (small scale members) to 3505 mm (large scale members). The mechanical
fastening mostly consists of shot fasteners with diameters ranging from 3.5 to
4.5 mm and lengths from 22 to 47 mm. Screw anchors were also frequently used,
for which the diameters span from 4.76 to 12.7 mm and the lengths from 37 to
50.8 mm. Only in a few cases, instead, the mechanically fastening was performed
by using wedge anchors (Ekenel et al. 2005; Galati et al. 2007); they were installed
into the concrete by using epoxy resin as a gap filler. In these tests, the fasteners
were arranged on single or multiple rows (1, 2, 4) according to aligned or staggered
configurations or combinations thereof.

From the experimental investigations it has been shown that with appropriate
fastener layout and FRP laminate properties, the strength increases are comparable
to those of externally bonded-FRP strengthened members but with greater dis-
placements exhibited at collapse. Also, it has been highlighted that the MF-FRP
technique allows for preventing the strip delamination before concrete crushing. As
an example, the experimental study performed by Napoli et al. (2010) is mentioned
(see Fig. 6.37). The authors studied the effects of fastener layout and FRP strip
length on flexural strength and deformability and failure mode of MF-FRP
strengthened one-way slabs. Concrete screws were used to fasten the FRP strips to
the concrete. At failure of specimens, the authors observed that the high
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concentration of shear force caused spalling of the concrete cover but the FRP strip
was firmly attached to the member. All MF-FRP strengthened specimens attained
ultimate strength levels comparable to that of a benchmark slab strengthened with
an externally bonded (EB) carbon FRP laminate, with greater deformability, as
shown in Fig. 6.37c. Specimens MF-1L and MF-1S that used a larger number of
anchors in the shear span (Pattern No. 1 in Fig. 6.37b), achieved marginally larger
ultimate strengths but at lesser deformability than corresponding slabs MF-2L and
MF-2S (using Pattern No. 2 in Fig. 6.37b).

Comparative experimental studies (Quattlebaum et al. 2005; Ekenel et al. 2006)
on the static and fatigue performance of RC beams strengthened in bending by
either MF- or EB-FRP laminates, showed that similar strength levels can be
attained.

The feasibility of this strengthening technique was widely demonstrated
experimentally in the upgrading of two-way slabs (Elsayed et al. 2009b).

Other experimental investigations examined the suitability of connecting an FRP
laminate to the concrete substrate by both adhesive and mechanical anchors
(EB + MF-FRP system) (Ekenel et al. 2006; Sena-Cruz et al. 2011; Ebead 2011).
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One of the latest studies also showed that the MF-FRP system is viable for
strengthening existing reinforced-concrete beams in shear (Johnson 2011).

Also, experimental tests have proven that the mechanically fastened composite
system is an effective technique to improve the flexural capacity of corrosion
damaged RC beams (El-Maaddawy 2013).

Finally, MF-FRP laminates were recently employed for enhancing the flexural
capacity of timber structural members (Dempsey and Scott 2006; Schorer et al.
2008).

Design Rules

Despite the interest and promising experimental results obtained by researchers,
there are no international guidelines dealing with MF-FRP till now. However,
several analytical and numerical studies have been carried out through years with
the aim to predict the flexural behaviour of RC members strengthened with
MF-FRP systems: a state-of-the-art review has been recently published in Napoli
et al. (2013). As highlighted therein, the first analytical models were based, for the
sake of simplicity, on the hypothesis of “conservation of plane sections” between
the concrete and the FRP, as generally accepted for EB-FRP strengthened members
(Lamanna 2002; Bank et al. 2002; Bank 2004; Bank and Arora 2007; Rizzo et al.
2005b). Despite their ease of application, such models have often provided inac-
curate predictions which were primarily attributed to ignoring the slip between the
concrete and FRP strip. Therefore, novel proposals accounting for the concrete-FRP
interfacial behaviour were recently formulated by (Lee et al. 2009; Nardone et al.
2011).

Lee et al. (2009), after observing and verifying the slip effect at the connection
between FRP and concrete, introduced a FRP strain reduction factor calibrated on
the basis of experimental results in order to evaluate the nominal moment capacity.
However, even after this, an assumed reduction factor can lead to an incorrect
evaluation of the neutral axis depth at ultimate limit state and does not provide
useful information under service conditions.

Nardone et al. (2011) proposed analytical procedures for the evaluation of the
flexural behaviour at both serviceability and ultimate limit states. Their analytical
models account for equilibrium, compatibility and constitutive relationships of
materials; in particular, they account explicitly for the slip behaviour between the
concrete surface and the FRP strip due to the fasteners. The proposed models,
coupled with an appropriate computation algorithm, are able to predict the funda-
mentals of flexural behaviour of RC members strengthened with MF-FRP strips
also in terms of load versus deflection curves, failure modes, strain profiles and
curvatures.
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The models are capable of predicting the three failure modes experimentally
found for well-designed applications, namely: bearing failure or net tension failure
of the FRP laminate and concrete crushing.

The comparison between the analytical predictions and the experimental results
shows a good agreement in terms of strain profiles in MF-FRP strips and moment
deflection curves at serviceability limit state. Similarly, comparison of nominal
flexural capacity, ultimate curvature and FRP strain at ultimate limit state show
good agreement. This agreement is higher if bearing failure of many fasteners is
accepted and included in the evaluations (Nardone et al. 2012). However from a
design point of view, it is suggested to design for the desired sustained bearing
failure of the first outermost fastener.

The knowledge of the relationship between the force acting on the fastener and
the slip is fundamental in order to apply the proposed model and more research to
address this fundamental parameter is needed.

To this aim, Elsayed et al. (2009a) and Realfonzo et al. (2013) recently proposed
nonlinear bearing stress-slip σ-s models to describe the effect of the partial inter-
action between the concrete and the FRP laminate. These models, shown in
Fig. 6.38, were calibrated by best-fitting experimental results of direct shear tests
(DSTs) performed on MF-FRP/concrete joints with a single connector.

Two different σ-s models were found by Elsayed et al. (2009a), suitable for shot
(Model 1) and screwed (Model 2a) fasteners, respectively, both with steel washers
(Fig. 6.38). The first model was calibrated for MF-FRP/concrete joints having a
single shot fastener with a 47 mm shank length, a 3.7 mm shank diameter and a
13 mm washer where the fastener was driven into the concrete using a powder
actuated gun. The second model was for the case of a single screwed fastener with a
37 mm shank length, a 4.8 mm shank diameter and a 16 mm washer installed into
the concrete using a drilling tool.

Trilinear σ-s models were proposed by (Realfonzo et al. 2013) for a single
screwed fastener with (w/washer) or without (w/o washer) washer (Models 2b and 3
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in Fig. 6.38); the screw had a 45 mm shank length, a 6 mm shank diameter, a
32 mm washer (when used) and was driven into the pre-drilled hole using a
common torque wrench.

Once the first studies on the FRP-concrete interfacial behaviour were published
in the literature, refined moment-deflections models were developed. Among them,
the numerical model developed by Napoli et al. (2010) was based on a general
algorithm formulated by implementing the differential equation of Newmark’s
theory for steel-concrete composite beams with linear-elastic shear connectors
(Newmark et al. 1951) into an ‘exact’ two-node finite element (FE) developed for
the analysis of partial interaction in composite beams with flexible shear connectors
(Faella et al. 2008). The finite element introduced is used for nonlinear analysis
through fibre discretization of the beam cross-section, and by implementing an
iterative convergence procedure based on the secant value approach to account for
material non-linearity, including concrete, steel and concrete-FRP interface. For the
latter, the interface bearing stress-slip Model 2a in Fig. 6.38 and its resulting
simplification in a bilinear law (Napoli et al. 2010) were successfully implemented
and verified to evaluate applicability for analysis and design purposes.

A different 1-D numerical model was presented by Martinelli et al. (2014) to
explicitly account for the discrete connection between FRP laminate and RC beam.
Later, the model was also used by the authors to investigate the cracking process in
RC members (and its implications on the structural response including the
tension-stiffening effect) which is generally neglected (Martinelli et al. 2013).

Figure 6.39a depicts the considered finite element which is obtained by
assembling the following three components: (a) a 1-D element that models the
behaviour of an Euler-Bernoulli RC beam; (b) a rod element that simulates the
mechanical behaviour of an FRP laminate; (c) two springs used as axial constraints
between the FRP laminate and the RC beam. The two springs simulate the
behaviour of the fasteners connecting the FRP laminate to points on the beam
surface, i.e., at the points where the fasteners are actually screwed or shot. Four
degrees of freedom are considered in each node to take into account the possible
axial displacements of both RC beams and FRP strips, along with deflections and
rotations of the former component. The stiffness matrix of the proposed FE is
derived by assembling the key mechanical components of the RC beam/slab, the
FRP strip and the mechanical fasteners. The nonlinear behaviour of the afore-
mentioned components and materials is handled through well-established numerical
techniques usually adopted in nonlinear FE analysis.

The procedure was validated by comparing the numerical simulations in terms of
load-deflection curves with the results of some experimental tests reported in the
literature. In particular, Fig. 6.39b shows a comparison for an MF-FRP strength-
ened slab tested by Napoli et al. (2010). In this case, the behaviour of the screws
w/o washers was modelled by adopting the trilinear Model 3 (Fig. 6.38). For
comparison, the nonlinear Model 1 for shot fasteners (Fig. 6.38) was also consid-
ered. It is shown that the numerical simulations do not significantly change with the
use of the two different bearing stress-slip relationships, thus suggesting that both of
them are suitable to model MF-FRP strengthened members.
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Chapter 7
Prestressed FRP Systems

Julien Michels, Joaquim Barros, Inês Costa, José Sena-Cruz,
Christoph Czaderski, Giorgio Giacomin, Renata Kotynia, Janet Lees,
Carlo Pellegrino and Edmunds Zile

Abstract This chapter provides an overview on the state-of-the-art in prestressing
systems for the structural retrofitting of reinforced concrete (RC) structures using
Externally Bonded (EB) Fibre Reinforced Polymers (FRP). Focus is put on flexural
strengthening, which currently is the most common application field for composite
materials in structural engineering. The manuscript provides information regarding
commercially available prestressing systems and their anchorage procedures. In
addition to conventional mechanical anchorages, the innovative ‘gradient anchor-
age’ that lacks any remaining plates or bolts is also presented. Additionally, the
authors mention various current prototypes at the laboratory-scale level. Performed
experimental investigations, results, and conclusions represent the core content of
this chapter. Several studies from various universities and research institutes
worldwide are presented and explained. In these research projects, the previously
mentioned systems are applied to specific reinforced or prestressed reinforced
concrete members for strengthening purposes. Static and/or dynamic loading
indicate the efficiency of the retrofitting concept compared to the reference struc-
ture. Generally, prestressed FRP will be demonstrated to follow the principle of
conventional prestressed concrete by resulting in higher cracking, yielding, and
bearing loads. Especially under service loads, the structural behaviour is improved.
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A special section is dedicated to prestressed near-surface-mounted (NSM) systems.
In addition to the experiments section, calculation techniques for designing pre-
stressed FRP for flexural strengthening are also handled. In shear strengthening and
column confinement, prestressed FRP has been limited to notably few research
applications to date. Nonetheless, an overview is given and future possible
employment is discussed. Eventually, examples from real structural retrofitting
projects should provide the practitioners with some background to better dissemi-
nate the retrofitting technique in question. The concluding section summarizes the
actual situation and identifies needs for future research.

Keywords FRP � Strengthening � Prestressing � Reinforced concrete

Introduction

After pioneering works in the field of unstressed Fibre-Reinforced-Polymer
(FRP) strips for structural retrofitting (Meier 1987, 1995; Kaiser 1989) these
techniques have been studied for several years. Their application with an initial
prestress is more recent and still in development. In structural engineering, the
application of externally bonded FRP is currently somewhat limited to carbon.
However, the literature also presents applications with Glass Fibre Reinforced
Polymer (GFRP) sheets (e.g. Huang et al. 2005). An experimental study on pre-
stressed Aramid tendons is presented in Lees and Burgoyne (1999). The material is
in practice mainly used in the form of strips/laminates (flexure), straps (shear), and
wraps (confinement). The information given in the present chapter will be limited to
the three types of carbon reinforcements. A special section is dedicated to pre-
stressed Near-Surface-Mounted (NSM) reinforcements.

The mounting of an unstressed outer reinforcement (EBR) has the disadvantage
of to provide a very limited additional stiffness to the structure under service loads.
In addition, a very large number of research activities have clearly demonstrated
that ultimate failure at a structural level occurs after the debonding of the composite
reinforcement from its concrete substrate. Generally, the FRP is far from reaching
its ultimate capacity in tension. Hence, the composite high tensile strength is not
exploited; often, only 20–30 % of the material’s capacity is effectively used
(Motavalli et al. 2011).

Like externally prestressed steel cables, pretensioned composite reinforcements
offer the possibility to act against present dead loads of the respective construction
and thus can reduce existing deflections and close existing cracks. Furthermore,
prestressing more efficiently exploits the material’s high tensile strength.

The present chapter provides an overview of prestressed FRP for enhancing the
structural efficiency in flexure, shear, and column confinement. Special attention is
paid to the following topics: prestressing technique, anchorage method, and current
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knowledge about the system’s performance. Short subsections about shear
strengthening and confinement provide information on recent developments in the
field. Finally, practical cases complete the overview.

Flexural Strengthening

General Information

Several investigations have documented the structural advantages of prestressed
FRP reinforcement in retrofitting (Deuring 1993). A first positive aspect is the
possibility to actively act against dead loads and thus reduce the existing deflections
and cracks in the structure. With a sufficient amount of initial prestrain in the
laminate, the cracking load is considerably increased compared to a reference (un-
strengthened) beam. The same is valid for the load at which the inner steel rein-
forcement begins to yield. The ultimate load carrying capacity is also generally
enhanced. However, a decrease of ductility, resulting in a lower deflection when
reaching the ultimate load, can be observed when an initial prestress is applied to the
laminate. While a structure that is retrofitted with an unstressed strip always exhibits
debonding failure at the peak load, tensile failure of the external reinforcement can
be obtained if the initial prestrain efp is sufficiently high. Figure 7.1 shows a sche-
matic representation of the moment-curvature M � vð Þ relationship for the three
mentioned situations. An enhanced crack, yield, and ultimate load is shown in terms
of an increase in the respective bearing moments DMcr;DMy and DMu.

Fig. 7.1 Schematic Moment-Curvature relationships for an unstrengthened RC element, a
strengthened RC element with an unstressed laminate and a strengthened RC element with a
prestressed laminate
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Prestressing Systems and Anchorage Techniques

Types of Prestressing

An existing structure can generally be prestressed via three methods, which are
summarised in El-Hacha et al. (2001) and presented in Fig. 7.2. The first technique,
known as the cambered beam system, requires an initial counter-deflection against
the dead-loads by means of hydraulic jacks (El-Hacha et al. 2001). Subsequently,
the FRP strip is applied and the structure is prestressed due to subsequent releasing
of the initially inflicted deflection. A second possibility is the use of an external
support construction, which the equipment for prestressing application is supported
against. The third and most common category is the prestressing against the
structure itself. This measure requires the previous installation of supporting ele-
ments, such as anchor bolts that are used to fixate a hydraulic jack. In most cases,
these temporary elements are removed after the completion of the retrofitting action.

Commercially Available Prestressing and Anchorage Systems

Currently, several prestressing and anchorage systems for CFRP strips are available
on the market. In general, they foresee a mechanical anchorage at the strip ends.

In most cases, the external reinforcement is prestressed against the existing
concrete structure. To do so, a hydraulic jack installed in a frame element is fixed by
means of several dowels. The laminate is usually held in a mobile clamping system
and pushed towards the structural element ends, which results in prestressing.
Figure 7.3 provides an example of such a device. The presented system by S&P
Clever Reinforcement Company fixes an aluminium plate that applies compression
to the strip. The anchorage system requires a minimum of adhesive curing, which

Fig. 7.2 Different types of prestressing of an existing RC construction (El-Hacha et al. 2001)
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implicates that the prestress force at the ends is generally fully released 1 day after
the installation.

The system is relatively simple and light, and can be used with CFRP laminates
that are up to 100 mm wide. The laminates used with this system are typically
between 1.2 and 1.4 mm thick.

Figure 7.4 presents the main steps to be followed in order to prestress CFRP
laminates with this system, which include the following:

Fig. 7.3 a Anchor plate during installation and b reaction frame with hydraulic jack

Fig. 7.4 Main steps for applying the prestress: a Surface preparation; b drilling the holes for the
bolts of the anchors and base angles; c placing the clamp unit; d, e introducing the laminate in
anchor and fixing it; f placing the aluminium plate; g placing the aluminium frame; h placing the
hydraulic jack; i prestressing the laminate and controlling the deformation
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(1) The surface is prepared to remove the concrete laitance and obtain a rough
surface while minimising the exposure of aggregates (Fig. 7.4a).

(2) Holes are drilled to accommodate the bolts to fix the aluminium anchor plates
and base angles. The locations of these holes are previously marked on the
element to be prestressed (Fig. 7.4b).

(3) The clamp units are introduced between the base angles and cutting CFRP
laminate with the desired length. The epoxy adhesive to bond the laminate to
the concrete is then prepared and applied to the laminate. Finally, the laminate
is inserted on the element to be strengthened between the clamp units
(Fig. 7.4c–e).

(4) The steel anchor, aluminium frame, and hydraulic jack are successively placed
at both extremities (Fig. 7.4f–h).

(5) The prestress is applied at the predefined load level (Fig. 7.4i).

Strain gauges glued along the laminate can be used to control the predefined
prestress to be applied to the laminate via the pressure indicator in the hydraulic
pump (manometer). In most cases, visual inspection by measuring the length
increase on predefined marks on the laminate and concrete surface is used to
double-check the stress level of the strip. After concluding the prestressing appli-
cation, the main components that comprise the system (including the clamp units)
must remain for at least 24 h to assure a minimum cure of the epoxy adhesive. After
this period of time, the components of the system, mainly the base angles, clamp
units, and aluminium frames, are removed, and the temporary bolts are cut. This
system has been successively used worldwide to upgrade buildings and bridges.

Another technique applied on the market is the “Stresshead”-system by Sika and
VSL International Ltd., which acts as an external prestressing that only applies
force at the strip ends (Berset et al. 2002). The specially developed anchor head is
held by a metallic support doweled to the concrete substrate. Figure 7.5 shows a
photo of this device.

One more alternative prestressing and anchoring solution from Sika for CFRP
strips is the “Leoba-CarboDur” system, which acts similarly to the S&P Clever
Reinforcement technique. The main difference lies in a preinstalled base plate (in

Fig. 7.5 Stress-Head
anchorage for prestressed
CFRP strips
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the concrete substrate), which acts as a support for the hydraulic jack during the
prestressing and curing phase of the epoxy adhesive. Subsequently, another anchor
plate is mounted and pressed against the laminate from the other side. The tech-
nique is documented in detail in Andrä et al. (2001) and Andrä and Maier (2005).

Professor Urs Meier developed the first and so far only non-mechanical
anchorage system for prestressed CFRP strips at Empa. The “gradient-anchorage”
foresees a gradual prestress force decrease at both strip ends over a defined length,
Dli, to limit the shear stresses that appear in the anchorage zone and avoid pre-
mature debonding (Triantafillou et al. 1992). Debonding issues appear when too
high prestress forces are transferred from the laminate to the concrete substrate at
the ends. The application technique is based on the adhesive’s ability to undergo
accelerated curing at high temperatures (Czaderski et al. 2012; Michels et al. 2012).
Figure 7.6 schematically presents the force evolution in the gradient anchorage.

Fig. 7.6 Schematic
representation of a gradient
anchorage (Michels et al.
2013)
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An intermediate sector with bond length Dli is chosen for the accelerated adhesive
curing. Subsequently, the initial prestress force level Fp in the strip is decreased by
DFi in the jack by transferring a part to the sector with the cured adhesive. This
procedure is repeated until a zero force level is reached in the jacks. After the
execution, all temporary mechanical components (support bolts, frame, etc.) can be
removed to leave a purely concrete-epoxy-strip connection without any dowels and
plates, which results in a more appealing appearance of the retrofitting.

Prototype applications at the laboratory scale were presented by Meier and
Stöcklin (2005). The used device is shown in Fig. 7.7 (left). A recently completed
R&D project (with the industrial partner S&P Clever Reinforcement) at Empa
resulted in the development of a heating device suitable for on-site use (Michels
et al. 2013), see Fig. 7.7 (right). However, the already existing prestressing devices,
i.e. clamps, remained identical to the existing elements used for mechanical
anchorage. In addition to the easier handling of the new heating device on the
construction site, the heating duration for an accelerated adhesive curing was also
optimised (Czaderski et al. 2012; Michels et al. 2013). A total heating time of
approximately 2.5 h was necessary to anchor a prestress force Fp of 120 kN (0.6 %
of prestrain, about 40 % of the strip’s ultimate strain). Including preparation, one
strip can be prestressed and anchored in approximately 4 h. Outside the anchorage
zone, the epoxy is cured at room temperature.

Prototypes at Laboratory Level

Several additional types of mechanical anchorages can be found at the laboratory
scale. For instance, Wight et al. (2001), El-Hacha et al. (2003), and El-Hacha and
Aly (2013) present examples of anchorage techniques that include bar and plate
anchors. The systems consist of a dead end and a jacking end anchor at which a
fixed hydraulic jack applies the prestressing force. Wight et al. (2001) proposed a
multi-layer CFRP sheets technique. Each sheet was separately prestressed using
a steel bar and was mounted in a steel frame anchored on the RC member. This

Fig. 7.7 First Empa prototype and newest heating device for application on site
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solution was only verified in experimental tests and has not been used in practical
applications.

Non-metallic, mechanically anchored, and CFRP anchored U-wraps sheets were
investigated in Kim et al. (2008d, e). The general idea of this system was an
anchorage system based solely on composite materials without any steel or alu-
minium elements.

A general and very detailed overview of anchorage systems for CFRP rein-
forcements of all types was presented by Schlaich et al. (2012).

Beam and Girder Strengthening

The following paragraphs present a few literature examples that experimentally
investigated the strengthening of reinforced concrete (RC) or prestressed reinforced
concrete (PRC) elements. In general, all studies showed a general increase in the
cracking load, yielding load, and ultimate load, as well as lower deflections and
crack openings than the reference structure at a specific load level when a pre-
stressed CFRP strengthening was applied.

Suter and Jungo (2001) conducted bending tests on beam elements with 6 m
span. A mechanical anchorage with a bonded plate as shown in Fig. 7.3 was used.
The study suggested prestrain values from 0.6 to 0.8 % to optimise the structural
behaviour. The authors also mention an increasing number of problems induced by
increasing the initial force in the laminate. A generally known phenomenon is the
slipping out of the strip from the clamp during the prestressing procedure.

Similar test procedure was followed by Meier and Stoecklin (2005), Kotynia
et al. (2011), Michels et al. (2013, 2014a), which all used a gradient anchorage
system with an initial prestrain efp of 0.6 %. For instance, the first research group
obtained tensile failure in the strip when using 4 laminates with a cross-section of
50 × 0.6 mm2 instead of 2 laminates with a cross-section of 50 × 1.2 mm2. This
effect was partially due to a reduction in the interfacial shear stress when using a
higher number of strips with a smaller cross-section. Strip failure and the
force-midspan deflection diagram are shown in Fig. 7.8. Investigations regarding
the application of the gradient anchorage on a shotcrete substrate are documented in
Michels et al. (2014b).

In the field of prestressed concrete girder retrofitting Fernandes et al. (2013)
tested four prestressed high-strength concrete (HSC) girders with a span of 20 m
under four point bending. Two girders were used as reference, while one was
externally strengthened with unstressed CFRP laminates and one was externally
strengthened with prestressed CFRP laminates. The cross-sectional geometry of the
girders is depicted in Fig. 7.9. Two laminates with a rectangular cross-section of
100 × 1.4 mm2 per girder were adopted to strengthen the girders. The previously
presented commercial system proposed by S&P Clever Reinforcement Company
for prestressing and anchoring the laminates was used. A prestrain level of 0.4 %
was chosen, which corresponded to approximately 30–35 % of the strip’s ultimate
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tensile strength. End-anchorage plates were used (see Figs. 7.3 and 7.9 (right)). The
strengthening procedure is also interesting from a practical installation point of
view, in which lateral steel L-profiles were used to temporarily increase the
available surface for the strip clamping.

Figure 7.10 (left) shows the force versus the deflection at the mid span. Based on
the presented experimental program, the following main conclusions can be drawn:
(a) the load carrying capacity of unstressed and prestressed laminates increased by
22 and 35 %, respectively, compared to the reference girders; (b) the bending
stiffness prior to the onset of yielding of the longitudinal steel bars of both retro-
fitted girders only slightly changed; (c) the benefits of prestressing the CFRP

Fig. 7.8 Tensile failure of a prestressed CFRP laminate (left) and force-deflection diagram of the
test series by Meier and Stoecklin (2005) and Kotynia et al. (2011)

Fig. 7.9 Cross section (left) and bottom view of the anchorage zone (right) of a prestressed
concrete girder retrofitted with two prestressed CFRP laminates with mechanical anchorage
(Fernandes et al. 2013)
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laminates were materialised not only in terms of strength but also in terms of
stiffness at different levels: crack initiation, yield initiation of the longitudinal steel
bars, and ultimate load; (d) the initially unstressed CFRP laminate reached a strain
of 0.65 %, whereas a value of 0.95 % was obtained with an initial prestrain of
0.4 %; (e) the girders failed via concrete crushing at the top flange.

Large-scale prestressed concrete girders taken from an existing bridge in Ticino
(CH) were strengthened with four prestressed laminates with a gradient anchorage
and subsequently tested under static loading (see Figs. 7.10 (right) and 7.11). The

Fig. 7.10 Force-deflection diagram of the experimental program by Fernandes et al. (2013) and
Czaderski and Motavalli (2007)

Fig. 7.11 Large-scale prestressed concrete bridge girder testing at Empa (Czaderski and Motavalli
2007)
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results are documented in Czaderski and Motavalli (2007). Both strengthened
girders (with an unstressed and a prestressed CFRP strip reinforcement) showed
significant increase in the load-carrying capacity. Conversely, Aram et al. (2008)
reported that the structural behaviour of retrofitted prestressed concrete beams did
not show any improvement. This lack of improvement was attributed to a premature
debonding of the strip due to very high shear stresses in the gradient anchorage
zone because of the short beam span.

Pellegrino and Modena (2009) presented another case of prestressed concrete
elements that were strengthened with external prestressed CFRP strips. This study
also utilised mechanical anchorage. Five 10 m long real-scale beams (four RC
beams and one PRC beam with pretensioned internal strands) of
cross-Sect. 300 × 500 mm2, were tested at the University of Padova (Italy). A photo
of the test setup is given in Fig. 7.12. Regarding the strengthening, unidirectional
CFRP pultruded laminates of 1.2 × 100 mm2 and 1.2 × 80 mm2 were used.

The RC-C (reference) diagram presented in Fig. 7.12 showed the typical flexural
behaviour of RC beams with pre-cracked, post-cracked, and post-yielded stages.
The RC-N (with EBR—no end anchorage) diagram shows a brittle behaviour due
to the sudden strip delamination. The RC-EA (with EBR and end-anchorage)
diagram shows similar behaviour but with a higher value of the ultimate load. This
was due to the presence of end-anchorage devices. Intermediate delamination of the
CFRP occurred in this case, with failure of the end-anchorage device.

Failure of beams RC-PrEA (RC beam with prestressed EBR) and PRC-PrEA
(PRC beam with prestressed EBR) was again due to delamination of the CFRP, but
prestressing and end-anchorage action delayed complete failure. A relevant incre-
ment in the ultimate load and an increment of the load at which the first crack
appeared occurred for beams with pretensioned laminates (RC-PrEA, PRC-PrEA)
with respect to the control beam (RC-C) due to the compressive axial force
transferred by pretensioning and, for beam PRC-PrEA, also by internal strands.

In general, mechanical anchor devices increase the ultimate capacity of the
structural element, delaying the end and/or intermediate delamination. The CFRP
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Fig. 7.12 Test setup and force-deflection curve of the beam tests performed by Pellegrino and
Modena (2009)
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strengthening system was capable of significantly increasing the load carrying
capacity of the structural element at which first cracking occurs. Furthermore, it
allows reduction of crack amplitudes, a more uniform distribution of cracks and a
better utilization of CFRP material characteristics with strain values near the
ultimate.

For additional literature on experimental investigations about prestressed CFRP
laminates in bending, the reader is invited to also consult (França and Costa 2007;
Kim et al. 2007, 2008a, 2010a, b; Quantrill and Hollaway 1998; Wu et al. 2003;
Neubauer et al. 2007).

Influential Parameters

As mentioned, experimental research proved that unstressed strengthening pre-
cludes the full utilisation of the CFRP tensile strength. The limited tensile strength
of concrete results in the debonding of CFRPs from the concrete surface. A review
of the available literature on the strengthening of RC members with unstressed and
prestressed laminates shows that the strengthening effect significantly depends on a
number of factors, including the type of laminate, its stiffness, the number of layers,
and the existing longitudinal and shear reinforcement ratios (Garden and Hollaway
1998; Teng et al. 2002). In addition to previously presented publications, the reader
is invited to consult among other the following literature regarding strengthening
efficiency of externally bonded unstressed and prestressed CFRP strips: You et al.
(2012), Kim et al. (2008d), Pellegrino and Modena (2009), Yu et al. (2008), Wight
et al. (2001), Kotynia and Kaminska (2003), Meier and Stoecklin (2005), Kotynia
et al. (2011).

The following paragraphs present a study on influence parameters based on
database presented in Kotynia et al. (2013b).

The efficiency of strengthening RC members with prestressed CFRP composites
has been analysed based on experimental test results. The gathered data include all
variable parameters that influence the test results: cross-sectional dimensions (b, h),
compressive concrete strength (fck), tensile (yield) strength and elastic modulus of
the steel (fyk, Es) and composite (ffu, Ef), cross-sectional area of longitudinal steel
(As) and composite reinforcement (Af) with corresponding reinforcement ratios
qs; qf
� �

, equivalent composite reinforcement ratio defined by qf ;eq ¼ qf : Ef
�
Es

� �
,

initial prestressing strain of the composite efp
� �

, maximal strain of the composite
registered during the test ef ;max

� �
, failure mode, strengthening ratio in terms of load

carrying capacity gu ¼ Mu �Mu0ð Þ=Mu0ð Þ and in terms of cracking load
gcr ¼ð Mcr �Mcr0ð Þ=Mcr0, where: Mu, Mu0, Mcr, Mcr0 stand for ultimate bending
moment of the strengthened and reference member as well as cracking moment of
such members, respectively). All elements were strengthened with CFRP. The main
differences between the used materials were the type of the composite (L—lami-
nate, or S—sheet) and the modulus of elasticity (Ef). To reduce the influence of the
CFRP elastic modulus, an equivalent composite reinforcement ratio qf ;eq

� �
was
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introduced, for which the FRP ratio is defined by qf ¼ Af
�

b � df
� �

and df is the
effective composite reinforcement depth.

The primary classification of the analysed members was based on the failure
mode obtained in the test. Three groups were distinguished. The first two include
elements that failed due to intermediate crack debonding (IC) of the composite or
due to the rupture of fibres (R). In the last group, the composites were not properly
applied and utilised, which resulted in the following failure modes: concrete
crushing (CC), debonding of the composite’s ends (ED), concrete cover separation
(CCS), or failure of the anchorage system (A). Due to the very low efficiency of the
strengthening of the members from the third group, these cases were not considered
in the analysis (Kotynia et al. 2013b).

The longitudinal steel reinforcement ratio qsð Þ significantly affects the
strengthening gain (ratio) defined as gu ¼ Mu �Mu0ð Þ=Mu0, which was analysed in
terms of ultimate loads and is shown in Fig. 7.13 (Kotynia et al. 2013b). The
experimental test results were divided into two groups of different equivalent
composite reinforcement ratios qf ;eq

� �
, which were equal to 0.05 and 0.10 %

(Fig. 7.13). The comparison proved that the strengthening efficiency of members
with a higher steel reinforcement ratio was lower. The strengthening efficiency of
beams with less steel reinforcement qs ¼ 0:44%ð Þ was higher gu ¼ 1:55ð Þ than that
of beams with higher reinforcement (qs ¼ 0:50% and qs ¼ 0:83%, corresponding
efficiency of gu ¼ 0:86 and gu ¼ 0:59, respectively) for lower composite rein-
forcement ratios.

The same observation was made in a group of members with higher composite
reinforcement ratio (qf ;eq ¼ 0:10%, see Fig. 7.13) both for strengthening with
mechanically anchored and non-anchored CFRP laminates/sheets. In general, when
the steel reinforcement ratio increased twofold from qs ¼ 0:44% to qs ¼ 0:89%ð Þ,
the strengthening efficiency value decreased more than twofold
from gu ¼ 1:55 to gu ¼ 0:59ð Þ.
The different prestressing strains of the composites ðefpÞ can explain the differ-

ence in the achieved strengthening efficiency for the members of the same steel and
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composite reinforcement ratio (Fig. 7.13). The same members shown on the graph
of the strengthening efficiency as a function of the prestrain (Fig. 7.13) dem-
onstrate the positive influence of the prestrain. In both groups qs ¼ 0:44% andð
qs ¼ 0:50%Þ an increase in the prestrain efp significantly increased the strength-
ening efficiency. The beneficial effect of the higher CFRP prestressing strain is
noticeable for members that failed due to intermediate crack debonding (IC).
Otherwise, the prestressing strain did not affect the ultimate loads of the members
with anchored CFRP composites, which failed by CFRP fracture.

The relationship between the equivalent composite reinforcement ratio ðqf ;eqÞ
and the strengthening efficiency ðguÞ for the members that failed due to composite
rupture (R) is presented in Fig. 7.14. An increase in the equivalent strengthening
ratio resulted in an almost linear increase of the strengthening efficiency.

The graphic interpretation of the strengthening efficiency is presented in
Fig. 7.15 in terms of the ultimate loads (gu—solid lines on the graph) and cracking
loads (gcr—dashed lines). The FRP prestressing strain significantly affected the
slopes of the curves, and the influence of the FRP prestressing strain was signifi-
cantly more beneficial to the increase of the cracking loads than the load capacity.
The increase in the strengthening efficiency in terms of the serviceability conditions
ðDgcrÞ was up to 4 times higher than in terms of the ultimate limit state ðDguÞ (see
Fig. 7.15).

A CFRP prestressing strain equal to efp ¼ efu � ef ;max is recommended (where efu
is the ultimate CFRP strain and ef ;max should be presumed of 0.7 %, as suggested by
the authors) to maximise the strengthening efficiency (with simultaneous CFRP
rupture and debonding). However, concrete crushing may occur if the concrete
compressive strength is lower.

A limited number of research programs have considered the preloading effect of
the RC member prior to the strengthening on the strengthening efficiency. Tests by
Kotynia et al. (2013a) proved the high efficiency of flexural strengthening with
prestressed CFRP laminates, even for highly loaded structures prior to
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strengthening. The RC beams exhausted to 25 and 75 % of their ultimate loads and
strengthened with the prestressed CFRP laminates indicated optimistic results.

Results indicated minor differences caused by the effect of preloading. The
strengthening ratio was shown to be inversely proportional to the steel reinforce-
ment ratio. The preloading level did not affect the ultimate concrete tensile strains.

Adhesion between the CFRP laminate and the concrete significantly affects slab
deformation after the steel reinforcement yields. The load-induced strain in the
unbonded laminates ðef ;maxÞ ranged from 0.0050 to 0.0069, while the bonded
laminates reached strains of 0.0093–0.0069 (Kotynia et al. 2013a). Similarly, the
CFRP strain efficiency ðgef Þ ranged from 0.68 to 0.87 for slabs strengthened with
bonded laminates and from 0.56 to 0.68 for the slabs with unbonded laminates.

Two-Way Slab Strengthening

In Kim et al. (2008b) large-scale two-way RC slabs were strengthened with pre-
stressed composite strips anchored with a mechanical anchorage system composed
of a bolted plate. Similar to applications with unidirectional flexural elements, an
enhancement in the cracking, yielding, and ultimate load was noticed. Important
reductions of the deflections under service load were observed when a prestressed
strengthening system was applied. The ductile failure of the control slab (un-
strengthened) was transformed into a pseudo-ductile mode in the post-peak domain
after strip delamination.

Kim et al. (2010c) presented a study on the punching shear behaviour of ret-
rofitted RC slabs by means of prestressed CFRP sheets. For additional consider-
ations, more detailed explanations of the related phenomenon are provided in
section “Shear strengthening”.
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NSM-FRP Prestressed Systems

Introduction

According to the literature review, prestressed FRP systems for the flexural
strengthening of reinforced concrete (RC) elements have already been applied
successfully using the externally bonded reinforcing technique (EBR). In the
context of prestressed EBR, significant improvements are reported in RC elements
in serviceability and ultimate limit state conditions, such as increase of the load
carrying capacity, durability, and structural integrity. The NSM technique is,
however, more effective for the flexural strengthening of RC elements than EBR
(Barros et al. 2007). Therefore, some efforts are being done in order to combine the
intrinsic benefits of using NSM-CFRP with those derived from the application of
prestressed EBR-CFRP. This section resumes the fundamental research carried out
in this context.

Currently, there is few work reported in the literature on NSM-based prestress
technique that can actually be applied on job site. Most of the tested specimens
were strengthened in the sagging region, but the strengthening tasks were per-
formed as if it was a hogging region (Nordin and Täljsten 2006; Rezazadeh et al.
2013), i.e., the elements are initially turned over, strengthened, and finally turned
over again to its original position in order to be tested. The scheme in which the
hydraulic jacks are being placed (in line with the FRP and beyond the boundaries of
the element) is impracticable in real cases. Only Gaafar and El-Hacha (2008) claim
to have a system that allows this technique to be applied in job-site, and other
author is currently refining the design of a system for the application of prestress to
Carbon FRP (CFRP) laminates (Barros 2009). Barros (2009) has proposed an
innovative approach for applying prestressed NSM-CFRP laminates in real prac-
tice, but the mechanical system subjacent to this technique was not yet available.

Flexurally Strengthened Beams and Plates

Several experimental investigations on beam strengthening can be found in the
literature. Nordin and Täljsten (2006) using 10 × 10 mm2 prestressed CFRP rods
applied according to the NSM technique to strengthen 200 × 300 × 4000 mm3

reinforced concrete beams, realized that the applied stress was efficiently transferred
to the surrounding concrete even without the use of any special device to anchor the
CFRP. Analysing their results, the loss of ductility in relation to the non-prestressed
beams was remarkable. While in the series strengthened with a CFRP of 160 GPa
elastic modulus the final deflection of the non-prestressed beam was about 50–
55 mm, after the application of 20 % of prestress it was reduced by 40 %, i.e.
33 mm. The same observation can me made based on the results using a CFRP
laminate of 250 GPa elastic modulus where the deformation of the 0 % prestress
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beams ranged between 37 and 41 mm and the reduction observed by the application
of 19 % of prestress was nearly 30 %.

Gaafar and El-Hacha (2008) reported the tests performed on
200 × 400 × 5150 mm3 reinforced concrete beams prestressed with two NSM strips
of 2 × 16 mm2, and verified a considerable increase of the load at cracking and
yielding initiation. This increase was, however, followed by a significant reduction
of the ductility, since the deflection at failure was dramatically decreased (60 % of
prestress conducted to failure at a deflection level of approximately 50 % of the
deflection observed in the non-prestressed beam).

Rezazadeh et al. (2013) carried out an experimental program on RC beams
flexurally strengthened with passive and prestressed CFRP laminates and verified
that a CFRP reinforcement ratio of qf ¼ Af

�
b � df
� � ¼ 0:06% conducted to an

increase of approximately 63 % in the ultimate load carrying capacity of beams
with a steel reinforcement ratio of qs ¼ As= b � dsð Þ ¼ 0:39%, regardless the fact the
CFRP laminate is passive or applied with a prestress level of 20 and 40 %.
A prestress level of 20 and 40 % conducted to an increase of 47 and 55 % in terms
of load carrying capacity at deflection corresponding to the serviceability limit state,
while passive CFRP laminate provided an increase of 32 %. Such in the previous
experimental programs, they also verified that the load at cracking and steel
yielding initiation increased with the prestress level, but the deflection at failure of
the RC beams decreased with the increase of the prestress level, since all the
strengthened RC beams failed by the rupture of the CFRP laminate.

In the experimental program carried out by Costa (2014), composed of ten RC
beams flexurally strengthened with passive and prestressed CFRP laminates
(grouped in three series of RC beams), it was verified that the long term losses of
prestress have occurred between a couple of days to a couple of weeks to become
stabilized. In this experimental program, Costa (2014) has also verified that the load
at crack initiation and at steel yield initiation has increased with the prestress level,
but the corresponding deflection was not significantly affected. The force-deflection
of the series corresponding to the quasi real-scale beams is represented in Fig. 7.16.
The prestressing level (percentage of the tensile strength of the CFRP provided by
the supplier) is indicated in the designation attributed to each strengthened beam
(CFRP laminate of 1.4 × 20 mm2 cross-sectional area was applied in each beam,
ql ¼ 28= 150� 290ð Þ¼ 0:064%Þ. In all the series of beams it was verified that the
prestress level applied to the CFRP laminates has no influence on the ultimate load
carrying capacity of the strengthened beams, since failure was in all cases domi-
nated by the CFRP rupture. However, the deflection at failure has significantly
decreased with the increase of the prestress level. The total cracked length of the
beams has also decreased with the increase of the prestress level. In terms of
average crack spacing, it was similar in all the tested beams and equal to the spacing
of the steel stirrups.

Based on the bibliographic survey on the topic, it can be concluded that, in
general, the deflections measured in the beams decreased with the increase of the
applied prestress level and thus, the behaviour of these elements under
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serviceability limit states significantly improved, although this evidence has as
immediate consequence in the reduction of the ductility of the reinforced concrete
element.

Unlike the experimental programs previously presented in which the beams were
monotonically loaded up to failure, (Badawi and Soudki 2008) performed cyclic
tests on beams strengthened with prestressed NSM-FRPs up to 40 and 60 % of their
ultimate capacity. According to the obtained results, the application of prestress
increased the fatigue capacity of the original reinforced concrete beams. Failure was
essentially dominated by the rupture of the tensile reinforcement, mainly due to the
accumulation of slippage between CFRP and adhesive that caused an increase of
the average stress installed on the steel bars.

Regarding plates, the efficacy of the NSM strengthening technique with passive
FRP reinforcements to increase the flexural resistance was assessed by Bonaldo
et al. (2008), Dalfré and Barros (2011), and Breveglieri et al. (2012). In fact,
NSM CFRP laminates without any prestress level can increase significantly the
ultimate load carrying capacity of RC structural elements and high mobilization of
the tensile properties of the CFRP can be assured. However, for deflection levels
corresponding to the serviceability limit states the benefits of the CFRP are, in
general, of small relevance. By prestressing the CFRP, its high tensile capacity is
more effectively used, contributing to increase significantly the load carrying
capacity of the strengthened elements under both service and ultimate conditions.
The prestress can also contribute to close eventual existing cracks, to decrease the
tensile stress installed in the existing flexural reinforcement, and to increase the
shear capacity of these elements. Thus, prestressing the CFRP seems to be a
cost-effective solution to increase both the structural performance and the durability
of the strengthened RC structure. The use of FRP prestressed systems for the
flexural strengthening of RC slabs is however quite limited.

Hosseini et al. (2014) have carried out an experimental program composed of
four RC slabs with the purpose of evaluating the influence of the prestress level in
the behaviour of this kind of elements in terms of serviceability and ultimate limit
states. The adopted reinforcement systems were designed to assure flexurally failure
mode for all the tested slabs (reinforcement yielding). The SREF is the reference
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Fig. 7.16 Load-midspan deflection curve by Costa (2014) for various prestress NSM prestress
levels
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slab without CFRP, and the S2L-0, S2L-20 and S2L-40 slabs are those flexurally
strengthened using two NSM CFRP laminates with different prestress level: 0 %
(S2L-0), 20 % (S2L-20) and 40 % (S2L-40) of the ultimate tensile strength of the
CFRP laminates. The CFRP laminates used in the present experimental program
have a cross section of 1.4 × 20 mm2. The tested slabs had a percentage of
longitudinal tensile steel bars qslð Þ of approximately 0.35 %, while the CFRP
strengthening percentage qf

� �
is approximately 0.08 %.

Figure 7.17 shows the relationship between the applied force and the deflection
at mid-span F � dð Þ, for the tested RC slabs. It has been verified that:

• Strengthening RC slabs with prestressed NSM CFRP laminates resulted in a
significant increase of the load carrying capacity at serviceability and ultimate
limit states. By applying 20 % of prestress in the NSM CFRP laminates, the
service and ultimate loads have increased, respectively, 55 and 136 % when
compared to the corresponding values of the reference slab, while 40 % of
prestress has guaranteed an increase of 119 and 152 %.

• By increasing the prestress level in the NSM CFRP laminates the overall
flexural behaviour of the slabs at service and ultimate states has improved, but
the deflection at the maximum load and at yield initiation of the steel rein-
forcement of the slabs has decreased with the increase of the prestress level.
However, the deflection at maximum load was more than two times the
deflection at yield initiation, with a significant plastic incursion on the steel
reinforcement, which assures the required level of deflection ductility for this
type of RC structures.

• Regardless the prestress level applied to the CFRP laminates, all the strength-
ened slabs failed by rupture of the laminates after yielding of the tension steel
reinforcement. This failure mode proved the high effectiveness of the NSM
technique for the flexural strengthening of RC slabs.

Fig. 7.17 Force-midspan
deflection of the tested RC
slabs (Hosseini et al. 2014)
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Analytical Models

By using FEM-based advanced constitutive models for the material nonlinear
analysis of RC beams flexurally strengthened with passive and prestressed CFRP
laminates Rezazadeh et al. (2013) have demonstrated that existing commercial
FEM-based software can be used to predict with good accuracy the behaviour of
this type of structures, as long as the data for the model parameters is correctly
estimated.

Barros et al. (2012) developed a closed form formulation to determine the
moment-curvature response of rectangular cross section of RC elements failing in
bending that can be strengthened by prestressed FRP systems. Using the
moment-curvature relationship predicted by the model and implementing an
algorithm based on the virtual work method, a numerical strategy was developed
for the prediction of the force-deflection response of statically determinate beams.
This approach was extended to statically indeterminate RC elements failing in
bending (Barros and Dalfré 2013).

Costa (2014) developed a spreadsheet for the determination of the most sig-
nificant points of the moment-curvature of reinforced concrete beams using a closed
form formulation. This spreadsheet allows the calculation of the cracking, yielding
and ultimate curvature, as well as the corresponding bending moment of rectangular
reinforced concrete sections with one layer of conventional tensile reinforcement,
one layer of conventional compressive reinforcement, and one layer of composite
strengthening to which a certain amount of prestress can be applied. The formu-
lation used in this spreadsheet is based on conventional sectional analysis theory
according to which the distribution of strain is assumed to be linear along the height
of the beam. In this spreadsheet, the behaviour of concrete and steel are assumed to
be in accordance with Eurocode 2 (CEN 2004) while the FRP was assumed as
having linear elastic behaviour up to failure. This spreadsheet also includes a for-
mulation capable of using the moment-curvature for the evaluation of the mid-span
deflection of a simply supported RC element subjected to four-point loading con-
figuration with notable accuracy.

Design Issues

In general, reinforced or prestressed reinforced concrete members strengthened with
prestressed CFRP exhibit strip debonding when they reach their ultimate load
carrying capacity. In some cases, tensile failure was reported (Meier and Stoecklin
2005). Currently, design codes have not yet been elaborated for prestressed
composites.

A semester project at ETH Zürich (Harmanci 2012) revealed that the application
of the conventional design rules for debonding in the free length due to excessive
interfacial bond shear stress and/or CFRP tensile strain, in this case according to the
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Swiss SIA 166 (SIA 2004) for externally bonded strip reinforcement, can also be
applied to the prestressed case with reasonable precision. Several design codes
include a plate-end debonding criterion when unstressed laminates are loaded. For a
prestressed system, the end-anchorage needs to be defined in terms of the ultimate
load at which the strip would be eventually pulled out of the anchorage. Theoretical
considerations regarding the prestressed laminates bonded to a concrete substrate
without a mechanical anchorage are presented in Triantafillou and Deskovic (1991).
Gradient anchorage design, with different ultimate crack locations, was presented
by Czaderski (2012). Harmanci (2013) validated the results by implementing the
failure criteria in a numerical code to calculate bonded and unbonded (on the free
length) prestressed CFRP strips with gradient anchorage by comparing them to
experimental data taken from Czaderski (2012).

The overall ductility of the strengthened system is decreased when the prestrain
applied to the laminate increases (Michels et al. 2011). A structural designer should
respect common practice and leave sufficient ductility to the structure. For instance,
such ductility can be ensured by guaranteeing a significant difference between the
curvature at steel yielding and ultimate strip debonding. Detailed investigations that
also include energy dissipation concepts are presented in Kim et al. (2008c), Oudah
and El-Hacha (2011, 2012).

Shear Strengthening

Prestressed Shear Reinforcement for Concrete

The governing aim for prestressed shear reinforcement is to enhance the shear
capacity of concrete. In terms of the concrete web shear performance, the addition
of transverse prestress will result in higher cracking loads and steeper crack angles.
A prime motivation for early examples of prestressed steel shear reinforcement was
to enable the use of deep, thin webbed members, e.g., Freyssinet’s post-war
reconstruction of the Esbly bridge in France (Freyssinet 1950).

Prestressed shear reinforcement is not generally used in current practice for new
construction. However, this technique has received growing interest for the
strengthening and repair of existing reinforced concrete structures. Strengthening
options that are external to the structure are likely to be more practical and less
disruptive. Therefore, adequate protection against corrosion is a main concern for
external steel reinforcements. Meier et al. (1993) patented a method to apply pre-
stressed FRP shear reinforcement for strengthening applications. FRPs are expected
to be durable in external environments and have a high strength-to-weight ratio.
Thus, FRP cross-sections can be used to deliver strength enhancements similar to
those of steel while being thinner and lighter. The strain capacity of FRPs can be
relatively high and using prestressed systems represents a more efficient use of the
materials (Burgoyne 2001). FRPs with a high strength and stiffness and the ability
to sustain stress over the long-term are required for prestressing applications.
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FRP Prestressed Shear Strengthening

The force in prestressed shear reinforcement consists of the initial prestress (minus
losses), efp, plus additional strains Def generated due to the applied load. The
compressive prestress relieves the strain in the existing internal transverse steel and
increases the crack bridging force for a given shear crack width. The additional
strains, Def , are small when the concrete is uncracked but will increase as shear
cracks open. The FRP strengthening material properties, e.g. stiffness and strength,
play a significant role after cracking. Aggregate interlock mechanisms are enhanced
because a higher crack bridging force leads to smaller crack widths. In addition,
FRPs are elastic and, therefore, they can continue to sustain load after yielding of
any internal transverse steel.

While either bonded or unbonded FRP prestressed systems could be used in
principle, more research has focused on unbonded systems so far. A non-laminated
strap system developed by Winistörfer (1999) has been used for prestressed shear
elements. The system uses a thin thermoplastic CFRP tape, and the tape layers can
be fusion bonded together to make a closed strap (Lees and Winistörfer 2011). The
flexible, self-anchored straps avoid some of the difficulties associated with gripping
FRPs and overcome the difficulties of strengthening reinforced concrete with
complex geometries. Figure 7.18 also presents a concept for a prestressed shear
reinforcement with CFRP straps (Motavalli et al. 2011).

In an unbonded system, the crack opening displacements are averaged over the
unbonded length of the reinforcement, which avoids local crack stress concentra-
tions in the FRP. However, unbonded systems experience size effects because the
induced strap strain reduces as the beam depth increases for a given crack opening.
Stenger (2000) found that the initial strap prestress is an important parameter for the
shear resistance in deep beams. Experiments on small scale rectangular shear
critical beams strengthened with CFRP straps (Kesse and Lees 2007) identified five
different failure modes. The three shear modes were: (1) Strap failure, which
eventually leads to global beam shear failure; (2) Shear failure occurs in an un-
strengthened concrete region adjacent to the straps, which do not fail; and

Fig. 7.18 Concept for a prestressed shear reinforcement (Motavalli et al. 2011)
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(3) Extensive concrete crack opening and damage followed by strap failure. The
two flexural modes were distinguished by whether the flexural failure was followed
by a strap failure with little ductility or whether concrete crushing eventually fol-
lowed adequate ductility characterised by the yielding of the longitudinal steel. The
propensity for a given failure mode depended on the initial prestress, the spacing
and the strap stiffness. This system also featured trade-offs, e.g. a certain level of
strap prestress was necessary to ensure effective crack bridging. However, the
reserve strain capacity to accommodate crack opening prior to strap failure was
limited if the prestress was excessive.

Analysis and Design of Prestressed FRP Shear Strengthening
Systems

Because FRP materials are linearly elastic, one difficulty in the analysis of pre-
stressed FRP shear reinforcement is the prediction of the FRP force at failure. The
force in the FRP is compatible with the transverse expansion of the base structure.
Therefore, analysis techniques that consider strain compatibility/crack opening can
allow for this relationship. A general consensus about the shear resistance of
reinforced concrete is lacking; thus, the inclusion of additional FRP prestressed
reinforcement is a further complication. One approach is to add the contribution of
the FRP (Vfrp) to concrete, Vc, and steel, Vs, contributions. Chen and Teng (2001)
have proposed an expression for Vfrp for prestressed FRP straps based on an
assumed crack profile, whereas Hoult and Lees (2009) used a shear friction
approach and a compatibility relationship between the shear friction and crack
opening to determine the force in the FRP. Another approach consists of using a
model that considers equilibrium, compatibility and material laws of reinforced
concrete cracked in response to shear, such as the modified compression field
theory (MCFT) developed by Vecchio and Collins (1988). Unbonded prestressed
CFRP straps have been incorporated into the MCFT in an average sense (Lees et al.
2002) and the inclusion of straps with non-uniform spacing has also been inves-
tigated (Yapa and Lees 2013). In a two-dimensional finite element analyses of
CFRP strap-strengthened T-beams (Dirar et al. 2013) the strap strains were gen-
erally underpredicted and the results depended on the shear models and concrete
input parameters. A rotating crack model appeared to match experimental results
better than a constant or variable shear retention model.

Practical Considerations for Strengthening Applications

Installing external prestressed shear reinforcement on an existing structure presents
a number of challenges. Drilling through the structure may be necessary to connect
the compression and tension chords to allow for the insertion of the shear
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reinforcement, e.g. in slab-on-beam or flat slab (see Fig. 7.19) structures. Prestress
must also be imparted on the FRP shear reinforcement. Several different installation
methods have been investigated for unbonded CFRP strap systems. For a strap
installed in situ, a support pad can be inserted under the strap (see Fig. 7.1a) and
lifted (Lees et al. 2002) while shims are placed under the pad to lock in the
prestress. Another option is to pre-fabricate a flexible CFRP strap with loops at
either end (Czaderski et al. 2008; Koppitz et al. 2013; Keller et al. 2013). The strap
is placed around the region to be strengthened, supported on saddles and stressed by
joining the two ends of the strap together using a turn-buckle or a threaded rod
system. Frictional losses around the saddles can reduce the effective prestress
(Czaderski et al. 2008), which would need to be considered in the design.
Constraints for FRP strap systems include the need for a smooth bearing surface
and a minimum radius to avoid failure (Lees and Winistörfer 2011). As with any
external system, adequate protection against vandalism must be ensured.

Confinement

Introduction

FRPs can be used to confine the lateral deformation of concrete columns subjected
to axial compressive loadings. In a confined concrete column, the confinement is
loaded in the hoop direction, while the concrete is loaded in tri-axial compression
such that both materials are used to their best advantages. The confinement can
greatly enhance both the strength and the ultimate strain of the concrete. Therefore,
the ductility of confined concrete is greatly enhanced. However, the advantage of
prestressed confinement compared to unstressed confinement is not as obvious. In
this section, the benefits of confinement prestressing, namely a smaller decrease in
the residual strength and lower deformations, will be presented.

Fig. 7.19 CFRP strap strengthening of a T-beam (©University of Cambridge) and a flat slab
(courtesy of Dr. A.U. Winistörfer)
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Effect of Prestress on Confined Column Response

Janke et al. (2009) presented an experimental study of concrete cylinders confined
with unstressed and prestressed steel and CFRP bands. The steel or CFRP bands
were spirally wounded around the cylinders. Neither of the band types was bonded
to the concrete surface. To maintain the pretension, steel anchoring clamps were
mounted at the end of the concrete cylinders. The prestress and tensile stiffness of
the tangential confinement reinforcement were varied. A concentric load was
applied to the confined cylinders until failure to obtain data on the ductility and
ultimate load of the different specimens. Typical axial load-compressive strain
curves are shown in Fig. 7.20.

The slope of the load-deformation curve changed at higher loads when the
confinement was prestressed compared to the unstressed confinement for both
confinement materials. After this slope change, the curves for the unstressed and
prestressed specimens continued in an almost parallel formation. The peak load and
axial strain of the prestressed CFRP confined cylinder was lower than that of the
unstressed specimen. This difference was likely due to the initial prestrain of the
CFRP band, which reduced the usable load strain. The effect of prestressed con-
finement on the slope change and peak load was the same in experimental studies
performed by Zile et al. (2009) and Ciniña et al. (2012). In both campaigns, the
columns were confined by unstressed and prestressed basalt (Ciniña et al. 2012) and

Fig. 7.20 Typical axial load
compressive strain curves of
confined columns (Janke et al.
2009)
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CFRP (Zile et al. 2009) bands. However, contrary to Janke et al. (2009) the bands
were impregnated with an epoxy resin prior to placing them around the cylinders.
Therefore, one might argue that prestressed confinement resulted in a small benefit.
However, Janke et al. (2009) presented other arguments showing that prestressed
confinement is advisable.

Residual Strength of Concrete

External confinement can become ineffective or may need to be removed as a result
of fire damage, vandalism, or repair measures. Fires occur frequently after earth-
quakes. Vandalism, i.e. deliberate destruction, can also be a problem especially for
freestanding concrete columns that are externally confined. Corrosion protection
measures are a possible reason for the removal and exchange of confinement long
after they have been applied. The term ‘confined concrete strength’ loses its
meaning for the above mentioned cases, and the residual strength determines the
capability of the column to resist the existing loads. Confined concrete strength is a
variable of the confined system. In contrast, the residual strength of unconfined
concrete, which has previously been part of a confined system, can be considered a
material parameter. This parameter is assumed to depend on the loading history in
the confined state.

To elaborate, when the confinement is removed after the confined system has
been subjected to loads above the unconfined concrete strength (i.e. to a certain
overload) the residual strength of the concrete component is significantly dimin-
ished due to concrete damage (i.e. microcracking). This effect is especially pro-
nounced for unstressed confinement because the activation of confinement pressure
requires considerable lateral strain, which significantly increases the microcrack
density and crack width.

Janke et al. (2009) found that prestressing the confinement reinforcement sig-
nificantly affects the residual strength of columns after an overload. To estimate the
residual strength, the concentric load on the confined cylinders was increased only
up to a predefined overload above the unconfined load capacity (Fig. 7.21a). The
confinement reinforcement was then removed and the residual capacity was
determined in another compression test (Fig. 7.21b).

In the experiments the axial compressive strain and plastic deformation of the
unstressed specimens was significantly higher than that of the prestressed con-
finement in response to the same overload (Fig. 7.21a). In the example shown in
Fig. 7.21 the axial compressive strain of the initially unstressed confined specimen
and the prestressed confined specimen were 3.5 times and 1.7 times higher than that
of the unconfined reference specimen at peak load, respectively. The residual
strength was 56 and 95 %, respectively. Therefore, prestressing the confinement
reinforcement significantly reduces damage to the confined concrete under over-
loads compared to unstressed confinement reinforcement, which was demonstrated
by a higher residual capacity (Fig. 7.21b) and lower axial strain (Fig. 7.21a). The
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latter could be beneficial to serviceability limit states (lower displacements), while
the former significantly improves the safety of construction under special
circumstances.

Residual Strength Under Cyclic Loading

Prestressed confinement reinforcement was found to maintain the residual strength
under cyclic loading compared to the unstressed variant (Janke et al. 2009).
Figure 7.22 shows an example of a cyclically loaded specimen with prestressed and
unstressed confinement. The unstressed specimen with low confinement stiffness

Fig. 7.21 a Load cycle to
140 % of unconfined
compressive strength with
confinement, b breaking test
after removal of confinement
(Janke et al. 2009)

Fig. 7.22 Cyclic loading of
specimen with low
confinement modulus (Janke
et al. 2009)
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broke prior to the third peak of the cyclic loading process. The peak of the overload
was 109 % of the unconfined compressive strength. In contrast, the residual
capacity of the prestressed reference cylinder was 95 % after 50 cycles, which
demonstrated the effectiveness of prestressed confinement. The residual capacity
values of the prestressed specimens were nearly independent of the number of load
cycles for the defined level of overload. Therefore, prestressing the confinement is
also beneficial for cyclic loading.

Eccentric Loading of Confined Columns

Unstressed confinement only becomes effective for lateral expansion. Therefore, the
effect of such confinement is small under bending stress, because pure bending
creates only a slight overall lateral expansion. The typical response of confined
specimen subjected to combined bending and axial load is shown in Fig. 7.23. The
results show that even moderate confinement prestress is effective in members
under bending stress. A significantly smaller residual deviation compared to
unstressed confined specimen was found. Janke et al. (2009) related this phe-
nomenon to a lower degree of damage to the concrete. Once more, the beneficial
effect of prestressed confinement was shown.

Fig. 7.23 Horizontal
deviation of confined
specimen at combined
bending and axial load (Janke
et al. 2009)
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Technical Aspects of Confinement Prestressing

In Janke et al. (2009) the steel or CFRP bands were spirally wound around the
cylinders using a stationary lathe. This procedure is illustrated in Fig. 7.24. During
winding, the slowly rotating cylinder pulled the band from the coil through the
guiding device, which served as a friction brake to create axial tension in the band.
However, prestressing FRP on site remains technically complex.

Practical Applications

The present section shows several examples of practical applications of flexural
strengthening by means of prestressed CFRP strips (Figs. 7.25, 7.26, 7.27, 7.28,
7.29, 7.30 and 7.31).

Durability

Durability is one key aspect in structural engineering. In the field of prestressed
FRP reinforcements only few investigations have been presented. El-Hacha et al.
(2004a, b) present studies on strengthened reinforced concrete beams with pre-
stressed CFRP sheets at room and low temperatures. However, these investigations

Fig. 7.24 Mechanical
prestressing procedure (Janke
et al. 2009)
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have to be qualified as short-term tests. Since 2000, a prestressed CFRP strip
(prestrain 0.55 %) with a gradient anchorage is regularly monitored in terms of
strain evolution in time (Michels et al. 2013). Up to now, only a slight decrease
(0.04 %) with a stable tendency could be noticed. In general, it is presumed that, in
addition to concrete degradation phenomena, creep behaviour of both concrete in
compression as well as of the epoxy resin play a major role in long-term efficiency

Fig. 7.25 Bridge box girder strengthening, Rijeka (Croatia), courtesy of S&P Clever
Reinforcement AG

Fig. 7.26 Bridge girder strengthening, Bangok (Thailand), courtesy of S&P Clever
Reinforcement AG
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of a CFRP prestressing system (Diab et al. 2009). At Empa investigations in the
field of durability for bridge retrofitting applications are currently going on. Of
special interest is, next to long-term durability, the temperature stability of pre-
stressed CFRP strips with a gradient anchorage when being used as a negative
bending moment reinforcement on top of the structure at the moment of the asphalt
installation and the related high temperatures.

Fatigue tests are documents in Kotynia et al. (2011), Oudah and El-Hacha
(2013a, b).

Concluding Remarks

This chapter presents several aspects of structural concrete strengthening with
prestressed FRPs in flexure, shear, and confinement modes. Prestressed FRP sys-
tems have already been widely used in the academic community for several years,
whereas practical applications in the field are rather limited. However, the presented
investigations show a large potential of a much wider use in the future.

Fig. 7.27 Office building, Zurich Altstetten (Switzerland), courtesy of S&P Clever Reinforcement
AG
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Fig. 7.28 Punching shear strengthening in an office building, Nyon (Switzerland), courtesy of
S&P Clever Reinforcement AG

Fig. 7.29 Carbo Stress prestressing system, courtesy of Sika Switzerland

7 Prestressed FRP Systems 295



The most obvious advantage of additional flexural reinforcement is a reduction
of existing deflections and crack openings for use under service loads. Monotonic
loading tests have also shown an enhancement of the yielding and ultimate load. In
most cases, the debonding of the additional strip reinforcement was the governing
failure mode, while a tensile failure of the composite could be observed in isolated
cases. The anchorage system is important in terms of practicability: similar to
conventional prestressed concrete, adequate anchorage is necessary for load transfer
to the structure during and after the installation phase. Currently, several
mechanical systems with anchor bolts and plates are available on the market. These
systems require drilling into the existing concrete substrate. The gradient anchorage
method, as presented in previous sections, leaves a pure strip-epoxy-concrete
connection without any remaining mechanical devices. This technique is promising
both in terms of durability and aesthetics.

Prestressed carbon composites in shear and confinement modes are currently
limited to academic research. Practical applications have been seldom implemented.
Such a procedure seems to be highly beneficial and would be worthwhile to
investigate and install.

The anchorage system remains a crucial factor. A wider application range will
eventually also depend on the practicability of the prestressing system. Flexural

Fig. 7.30 Bridge girder strengthening, Winnepeg (Canada), courtesy of Prof. Dr. Y. Kim

Fig. 7.31 Strengthening of the girders of the Battiferro-Navile viaduct (A14 Highway
Bologna-Taranto, Italy), courtesy of Prof. Dr. Carlo Pellegrino and Giorgio Giacomin
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strengthening usually features a better access to the structure, while shear
strengthening might often be more complicated due to geometric restrictions.

Future research and development should primarily focus on three aspects: (a) the
elaboration of design codes to allow structural designers to dispose of a calculation
tool, (b) the assessment of durability of the different systems and (c) the develop-
ment of practical prestressing and anchoring systems.
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Chapter 8
NSM Systems

José Sena-Cruz, Joaquim Barros, Vincenzo Bianco, Antonio Bilotta,
Dionysios Bournas, Francesca Ceroni, Glaucia Dalfré,
Renata Kotynia, Giorgio Monti, Emilio Nigro
and Thanasis Triantafillou

Abstract This chapter gives an overview on the state-of-the-art of the
Near-Surface Mounted (NSM) technique for structural retrofitting of reinforced
concrete structures using Fibre Reinforced Polymers (FRP). The chapter is divided
in 5 sections. Firstly, general aspects of the technique are introduced, including
main advantages, nomenclature adopted, type of FRP reinforcement and adhesive
used, groove geometry/location, and constructional aspects. Then, the existing

Final Remarks This chapter gave an overview about the current state of the near
surface-mounted (NSM) strengthening technique. This technique presents high levels of
efficiency for upgrading the flexural and shear carrying capacities of reinforced concrete
(RC) structures. In the last decade several efforts were done to increase the knowledge in terms
of bond, flexural, and shear responses of NSM systems. Some analytical formulations were
proposed to predict its behaviour. Design rules were also presented. However, due to the limited
number of experimental results, the existing formula have a limited application. In addition to
that, there are several areas that need a lot of effort in order to appraise the response of NSM
systems, such as durability and long-term behaviour.
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knowledge on the bond behaviour is addressed focusing on the performed exper-
imental investigations, results, and conclusions in terms of test setups, failure
modes, and influence of different parameters on the bond performance. The per-
formance of the existing local bond-slip behaviour laws, both proposed by codes
and researches, is also addressed. Similar analysis is also followed for the case of
flexural strengthening. The current state on shear strengthening includes two for-
mulations for predicting the NSM shear carrying capacity. The chapter ends with a
concluding section summarizing the current state and identifying the needs for
future research.

Keywords FRP � Strengthening � NSM � Reinforced concrete

Introduction

In early 2000s the near surface-mounted (NSM) strengthening technique was
proposed and used as an alternative system to the externally bonded reinforcement
(EBR). In the NSM the fibre reinforced polymer (FRP) reinforcements are inserted
into pre-cut grooves opened in the concrete cover. The FRP is then fixed to concrete
with an adhesive. The NSM concept is not new. In fact, in the 1940s it started to be
used in Europe for the strengthening of reinforced concrete structures. This pio-
neering technique consisted on placing rebar into grooves located at the concrete
cover. These grooves were then filled with cement mortar (Asplund 1949).

After more than 10 years of research and applications, the NSM strengthening
technique has prevailed and, when compared with the EBR, presents the following
main advantages (De Lorenzis and Teng 2007):

• The surface preparation is reduced and in some cases the amount of site
installation work may be reduced;

• The removal of the week concrete laitance layer is no longer needed;
• The levels of efficiency are higher since the technique is less prone to FRP

debonding from the concrete substrate;
• The FRP reinforcements can be more easily anchored into adjacent members

(preventing debonding failures);
• The FRP reinforcements are protected by the concrete cover and, consequently,

are less exposed to mechanical damage, impact loading, fire and vandalism;
• The visual aspect of the strengthened structure is virtually unchanged.

Typically, glass FRP (GFRP) or carbon FRP (CFRP) are used as reinforcement
materials. Depending on the cross-section geometry the FRP can be named by bar
or strip (see Figs. 8.1 and 8.2). A FRP bar has square or round cross-section,
whereas the FRP strip is characterized by a rectangular cross-section where the
width is significantly higher than the thickness. Ribbed, sand-blasted, sand-coated,
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smooth or spirally wounded are the most common external-surfaces of the bars,
while smooth surface usually characterize the FRP strips.

Figure 8.1 shows the two most commonly tested and used solutions when the
NSM strengthening technique is applied. In the FRP bars, the magnitude of groove
width and depth, bg and hg, respectively, are similar. In general, to attain this type of
grooves, two saw cuts and the removal of concrete between them with a chisel is
required. In the case of FRP strips, narrow grooves are open in the concrete cover
yielding to distinct magnitudes for the groove width and depth. Typically only one
saw cut is required. The minimum values of groove dimensions recommended by
ACI document (2008) are 1.5db for both, in the case of bars, and 3tf and 1.5wf, for
thickness and width, respectively, in the case of strips (see also Fig. 8.1).

Due to the final cross-section geometry of the grooves, square and rectangular
FRP reinforcements explore it better than round FRP ones, since a uniform adhe-
sive thickness is achieved. On the other hand, in round bars the normal stresses
(perpendicular to the FRP) accompanying the tangential bond stresses (parallel to
the FRP) tend to split the epoxy cover while in square and rectangular bars they act
mainly towards the groove lateral concrete. Between these two, rectangular bars
have been shown to be more efficient since they maximize the ratio of surface to
cross-sectional area, which minimizes the bond stresses associated with a given
tensile force in the FRP.

In the NSM system, the adhesive is responsible for stresses transfer between the
FRP reinforcement and the concrete substrate. The main properties that affect the

bg

h g

AdhesiveFRP strip

t f

w
f

bg

h g

AdhesiveFRP bar

d
b

ConcreteConcrete
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Fig. 8.1 NSM system using FRP a strip and b bar

Fig. 8.2 FRP systems
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performance of the adhesive are its tensile and shear strength, modulus of elasticity
and adhesion to the FRP. Up to now epoxy resins are the most frequently used
adhesive; however, a few studies using cement mortar can be found.

The NSM application involves the following steps:

a. Open grooves in the concrete cover using a saw cut machine;
b. Clean the grooves with compressed air;
c. Clean the FRP with an appropriate cleaner (e.g., acetone);
d. Prepare the adhesive according to the supplier’s recommendations;
e. Fill the grooves and, if possible, cover the lateral faces of the FRP with the

adhesive;
f. Insert the FRP into the grooves, and slightly press it to force the adhesive to flow

between the FRP and the grooves’ borders. This phase requires a special care in
order to assure that the grooves are completely filled with adhesive. When this is
not the case the formation of voids might occur;

g. Finally, the adhesive in excess is removed and the surface is levelled;
h. The time of adhesive cure indicated by the supplier must be respected before its

expected performance becomes fully available.

Bond

In the present context, bond means the transfer of stresses between the concrete and
the FRP reinforcement in order to develop the composite action of both materials,
during the loading process of a concrete element. The bond performance influences
the ultimate load carrying capacity of the reinforced element, as well as some
serviceability aspects, such as crack width and crack spacing.

The bond strength of a NSM system is the maximum transferable load and is
directly related to the type of failure (at the bar-adhesive interface, at the
adhesive-concrete interface, within the concrete, cohesive at the adhesive and in the
FRP material). The overall bond strength is dependent on local bond strength. In
general, local bond strength is obtained from specimens with very short bond lengths
or with large bond lengths where the strains (and/or slip) are measured. The local
bond-slip behaviour is affected by the following main parameters: materials’
mechanical properties, FRP reinforcement and grooves surface treatment, geometry
of the strengthening system (bars or strips), grooves’ dimensions and depth of the FRP
reinforcement in the groove. The shape ratio, k, namely the ratio between groove and
FRP dimensions, also affects the failure mode of the strengthening system (Sena Cruz
and Barros 2004; De Lorenzis and Teng 2007; Seracino et al. 2007).

Experimental bond tests on concrete elements strengthened with NSM FRP bars
or strips have been performed by several researchers during the last decade. In (De
Lorenzis et al. 2004), GFRP and CFRP ribbed bars with 9.5 mm diameter and
spirally wounded CFRP bars with 7.5 mm diameter were tested in concrete ele-
ments with mean compressive strength of 22 MPa. Most of the specimens failed by
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adhesive splitting. In De Lorenzis and Nanni (2002), GFRP deformed bars (13 mm
diameter) and CFRP deformed bars (9.5 mm diameter) were tested in concrete
elements (27.5 MPa). All specimens failed by adhesive splitting. Moreover, sand
blasted CFRP bars (9.5 and 13 mm diameter) were tested too and a FRP-adhesive
interface failure occurred. In De Lorenzis et al. (2002) spirally wounded CFRP bars
(7.5 mm diameter) were tested in concrete elements (22 MPa). All specimens
attained an adhesive-concrete interface failure. In Sena Cruz and Barros (2004) and
(Sena Cruz et al. 2006) smooth carbon strips with dimensions 10 × 1.4 mm were
tested in specimens characterized by three values of concrete strength (35, 45, and
70 MPa). Failure always occurred at the FRP-adhesive interface. In Seracino et al.
(2007) smooth carbon strips with thickness of 1.2 mm and width of 10, 15, and
20 mm were tested. Concrete strength varied in the range 30–60 MPa. For the
specimens with concrete strength equal or higher than 50 MPa a tensile failure of
the FRP occurred, except for two cases which showed a FRP-adhesive interface
failure. For lower values of strength, an adhesive-concrete interface failure was
observed. In Teng et al. (2006) smooth carbon strips (16 × 2 mm) were tested in
concrete specimens (44 MPa) and a FRP-adhesive interface failure occurred. In
Novidis and Pantazopoulou (2008) sand blasted deformed CFRP bars (12 mm
diameter) were tested in concrete specimens (30 MPa) and an adhesive-concrete
interface failure was observed.

Regarding the setup, both numerical and experimental studies (Novidis and
Pantazopoulou 2008) showed that different test setups can significantly change the
experimental results. Nevertheless, at present, no consensus on a standard test
procedure has been still reached. For this reason, a Round Robin initiative was
recently carried out involving several research laboratories (En-Core and fib TG 9.3
2010; Palmieri et al. 2012) and aimed at testing the bond strength of the same FRP
materials according to different setups in different laboratories. In particular, the
laboratories of the Universities of Naples, Ghent, Minho and Budapest tested
various NSM systems. All laboratories adopted a double shear test (DST), where
two concrete blocks were connected by the NSM reinforcements on two opposite
sides. The only exception was the laboratory of Naples (Bilotta et al. 2011), which
used a single shear test (SST) setup. Failure modes were quite different; in particular
in the tests carried out by the University of Minho an adhesive-concrete interface
failure occurred in all cases, unless in the CFRP bars (6 mm diameter), which failed
at the adhesive-FRP interface. In the tests performed at the University of Ghent, the
failure happened at the FRP-adhesive interface for the smooth carbon bars (8 mm
diameter) and for the thicker carbon strips (2.5 × 15 mm). Adhesive splitting
occurred for both types of sand coated basalt bars and for the ribbed glass bars. In
the other cases, an adhesive-concrete interface failure occurred. In most of the tests
carried out by the University of Budapest failure occurred in the concrete block and
only in some cases it was due to adhesive splitting. Finally, a concrete-adhesive
interface failure occurred in most specimens strengthened with NSM systems at the
University of Naples. Even if the DST setup led, in some cases, to the failure of
the concrete due to an incorrect alignment of the two blocks, it is worth noting that
the concrete strength could affect the failure mode. Indeed concrete strength varied
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in the range 27–32 MPa for the tests at University of Ghent, was 43 MPa at
University of Budapest and 35 MPa at University of Minho. At the University of
Naples, a lower concrete strength (about 19 MPa) was used in order to replicate the
conditions of existing RC buildings. For low strength, a concrete cohesive failure is
more probable.

Based on the collected experimental results, the possible failure modes can be
defined as:

i. Debonding at FRP bar/strip—adhesive interface
A pure interfacial mode can be critical for bars with a smooth or lightly
sand-blasted surface (De Lorenzis and Nanni 2002), i.e. when the bond resistance
relies primarily on the adhesion between the bar and the adhesive. This type of
failure is identified by the virtual absence of adhesive attached to the bar surface
after failure. For round bars, longitudinal cracking of the adhesive cover produced
by the radial components of the bond stresses may accelerate the occurrence of an
interfacial failure.
ii. Cohesive shear failure within the adhesive
The cohesive shear failure of the adhesive was observed for strips with a roughened
surface (Blaschko 2003). Such a failure is identified by the presence of adhesive on
both strip and concrete after failure and occurs when the tensile strength of the
adhesive is exceeded. Since surrounding concrete is much stiffer than the adhesives,
it introduces some confinement at the concrete-adhesive interface. Therefore, the
Mohr-Coulomb principles contribute to avoid a pure sliding failure mode at the
concrete-adhesive interface and induce the failure within the adhesive.
iii. Debonding at adhesive—concrete interface
Bond failure at the adhesive-concrete interface may occur as pure interfacial failure
or as cohesive shear failure in the concrete. The pure interfacial failure mode was
found to be critical for pre-cast grooves (De Lorenzis et al. 2002) and, in general,
for grooves with smooth surfaces. Indeed, in this case the cohesion/adhesion
phenomena are very small, as well as the internal friction angle of the materials in
contact, therefore the shear strength at the interface due to the Mohr-Coulomb effect
is small, being the weakest link of the all system. Cohesive shear failure within the
concrete is the most common failure mode since concrete is the weakest material.
Indeed, the surrounding concrete at the loaded end is subjected to tensile stresses
that exceeds the tensile strength of the concrete, as long as the bond length is long
enough (Ceroni et al. 2012). It has been observed also in bond tests on concrete
specimens strengthened with smooth NSM strips (Seracino et al. 2007). In general,
the failure at the adhesive-concrete interface was experimentally observed for
values of the shape factor k > 1.5–2 (De Lorenzis and Teng 2007); these limits,
indeed, warrant a sufficient adhesive thickness around the FRP bar/strip in order to
avoid the adhesive cover splitting.
iv. Adhesive cover splitting
Longitudinal cracking of the adhesive is generally identified as cover splitting. This
was observed to be the critical failure mode for deformed (i.e. ribbed and spirally
wound) round bars in moderate strength concrete (De Lorenzis and Nanni 2002; De
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Lorenzis et al. 2004). Specimens with low values of groove size (k ≈ 1) and very
brittle adhesive can show its splitting without significant damage in the surrounding
concrete. For increasing groove depth and adhesive thickness, the resistance of the
adhesive cover to splitting increases and failure is controlled by cracking of
the surrounding concrete: in these cases the bond strength can also increase with the
groove size until the failure load corresponding to the adhesive-concrete interface
failure is attained. Moreover, as deeper the FRP is installed into the groove as larger
confinement the surrounding concrete introduces to the FRP, resulting in beneficial
effects in terms of bond strength (Costa and Barros 2011). A minimum value of
k = 1.5 is suggested to avoid splitting (De Lorenzis and Nanni 2002). Splitting
failure is also typical of specimens strengthened with cement filled grooves for low
values of the k factor, due to the lower tensile strength of the cement fillers.
v. Concrete splitting
When an NSM bar/strip is close to the edge of a concrete member, failure can
involve the splitting of the edge concrete (Blaschko 2001; Galati and De Lorenzis
2009). This kind of failure mode can be easily eliminated by keeping a minimum
distance from the edge. Moreover this kind of failure can be quite common mainly
in elements of relatively low strength class.

Evaluation of the Existing NSM ACI Formulation

The ACI 440.2R-08 (2008) guide includes a simple formulation for predicting the
maximum pullout strength. In this formulation the key parameter is the maximum
bond strength for the entire NSM system. If the bonded length (Lb) is at least equal
to a development length (Ld), then the experimental bilinear shear stress versus slip
law can be assumed to be constant along the bond length and equal to the average
bond strength (τavg). ACI assumes τavg equal to 6.9 MPa for all FRP NSM systems.
Hence, by imposing this limit τavg to the connection’s maximum capacity, Ld and
the maximum pullout force installed in the FRP (Ff,max) can be estimated. Then, if
Lb ≥ Ld the failure will occur by FRP rupture. Otherwise it will occur by one of the
five failure modes described in the previous section.

It is interesting to notice that only four parameters need to be known à priori in
order to predict Ff,max using ACI formulation, namely: FRP perimeter (pf),
cross-section area (Af), tensile strength (ffu), and bonded length (Lb).

Ld ¼ Af ffu
pf savg

ð8:1Þ

Ff ;max ¼ Af ffu if Lb � Ld
Af ffu

Lb
Ld

if Lb\Ld

�
ð8:2Þ
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An ongoing analytical work is being performed in order to access the accuracy of
ACI formulation (Coelho et al. 2013, 2014). Preliminary results from a database with
363 direct pullout tests using different setups and materials are shown in Fig. 8.3.

As can be seen, a large scatter exists which is also verified by computing the
error measures associated to the ratio between numerical and experimental values of
the maximum pullout force. A standard variation of 0.4 was found, corresponding
to a coefficient of variation of almost 42 %. This reveals that further improvements
are needed for the ACI NSM formulation.

Predicting Formulae for NSM

A reference database of 167 results from bond tests available in the literature (93
tests on round bars, 12 on square bars, and 62 on rectangular strips) were collected.
Figure 8.4 and Table 8.1 show the ranges of the main geometrical and mechanical
parameters of the FRP NSM systems used in the tests. Note that the groove
dimensions are compatible with the usual concrete cover values.
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An approach to have a design formulation for the maximum strain at failure in
the FRP reinforcement consists in extrapolating a trend based on experimental
measures of strain at failure. Thus, the maximum experimental strain calculated
dividing the failure load to the reinforcement axial stiffness, Ef · Af, is plotted in
Fig. 8.5a versus the axial stiffness itself for the experimental results of the bond tests
of (De Lorenzis et al. 2002, 2004; Seracino et al. 2007; En-Core and fib TG 9.3
2010; Bilotta et al. 2011, 2012), where an adhesive-concrete interface failure (A/C)
occurred (totally 78 data). Figure 8.5a shows that the maximum strain decreases as
the axial stiffness increases, as well as usually observed for the EBR systems
(Triantafillou and Antonopoulos 2000). The following law is able to fit the
experimental results (R2 = 0.82):

emax;th ¼ a � 1

Ef � Af
� �b ð8:3Þ

where a = 145 and b = 0.625 clearly depend on the database used for the
regression.

Indeed, in Fig. 8.5b further experimental data (De Lorenzis and Nanni 2002;
Sena Cruz and Barros 2004; Sena Cruz et al. 2006; Teng et al. 2006) were added to

Table 8.1 Ranges of geometrical and mechanical parameters of the experimental database

Geometry FRP Groove

93 round bars (mm) Ø = 6÷10 bg = 10–25

12 square bars (mm) b = 10 bg = 15

62 strips (mm) b1 = 1.2–2.5 b2 = 10–20 bg1 = 3.3–8; bg2 = 12–25

Concrete Strength fcm (MPa) 19–70

FRP Youngs’ modulus (GPa) 37–182

(a) (b)
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Fig. 8.5 Experimental maximum strain for bond failure versus Ef · Af: a experimental results in
the case of A/C failure; b extended database for different types of bond failure modes
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take into account also the results of specimens where adhesive-FRP interface failure
(A/F) or splitting failure of the adhesive (S) occurred (totally 137 data). These data
have been plotted together because the latter two failure modes can be, however,
considered as ‘bond’ failures. The graph shows, as expected, a reduction of R2 due
to the higher scatter of the experimental results characterized by several types of
bond failure modes (R2 ≈ 0.66). For the extended database, the best fitting
regression coefficients are a = 112 and b = 0.61. In Table 8.2 the values of a and
b for the two sets of experimental results are listed.

In order to take into account the effect of the groove perimeter, pf,g, the
expression for the maximum strain has been modified as follows:

emax;th ¼ a � pf ;g
� �

c

Ef � Af
� �

b
ð8:4Þ

The regression coefficients a, b and c have been evaluated according to a
least-square best fitting criterion for the same sets of data used for assessing the
coefficients of Eq. (8.3). In Table 8.2 the values of these coefficients are listed
together with the corresponding value of R2.

When only the A/C interface failure modes are considered, a slight improvement
of the experimental-theoretical fitting is achieved as evidenced by the R2 values
(0.82 for Eq. (8.3) and 0.85 for Eq. (8.4)). By contrast, when the regression is
extended to the whole database (137 data) considering different failure modes,
a sensible improvement is obtained using Eq. (8.4): R2 = 0.76 for Eq. (8.4) versus
R2 = 0.66 for Eq. (8.3). In Fig. 8.6 the experimental strain at failure is compared
with the provisions given by Eq. (8.4) where the best fitting values of coefficients
calibrated on the extended database are used (137 data for different types of bond
failure modes).

Another parameter that might influence the maximum strain is the concrete
compressive strength. This effect has been investigated too for the available data,
but no clear influence was evidenced for now. Therefore, using Eq. (8.4) is pref-
erable with respect to Eq. (8.3) due to the higher R2 of the regression on all sets of
experimental data considered.

In Fig. 8.7 are shown the predictions given by Eq. (8.4) when coefficients
calibrated on 78 and 137 data are used. To make the comparison, a value of the
perimeter pf,g = 40 mm has been fixed, by taking into account that it generally
varies between 20–60 mm, with an upper bound due to the ordinary values of

Table 8.2 Regression
coefficients of Eqs. (8.3) and
(8.4) for different sets of
experimental results

Eq. Database Failure mode a b c R2

(8.3) 78 data A/C 145 0.625 – 0.82

137 data A/C, A/F, S 112 0.61 – 0.66

(8.4) 78 data A/C 145 0.74 0.45 0.85

137 data A/C, A/F, S 272 0.85 0.71 0.76
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concrete cover (20–30 mm). It is clear that the Eq. (8.4) with coefficient calibrated
on 78 data provides predictions higher than those obtained on 137 data (i.e. +10–
20 %). Similar results are obtained for different perimeters: as lower the value of pf,g
as larger the differences between the predictions. However, the less conservative
formula can be used only if a failure at the interface A/C is expected. Hence, aimed
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at giving design provisions, using the most conservative formula is preferable,
because not sure indications are available to avoid failure modes in the adhesive
(splitting or debonding at FRP-adhesive interface). Note that in the experimental
database the parameter pf,g/pf,NSM varies between 1.2 and 2.5. So the formula given
by Eq. (8.4) should be used for values of pf,g/pf,NSM ranging in this interval.

To finalize, it should be stressed that Eqs. (8.3) and (8.4) give average values of
the maximum strain in the FRP reinforcement, whereas a characteristic value has to
be estimated to give design provisions.

Flexural Strengthening

Beams and Slabs

When the NSM is used for flexural strengthening, the most common FRP rein-
forcement used consists of bars (circular and square cross-section) or rectangular
strips (Fig. 8.8).

The existing experimental tests on RC members strengthened in flexure with
NSM FRP reinforcement contain RC beams (De Lorenzis et al. 2000; Blaschko
2001; Hassan and Rizkalla 2003; Täljsten et al. 2003; EI-Hacha and Rizkalla 2004;
Barros and Fortes 2005; Teng et al. 2006; Barros et al. 2007; Castro et al. 2007;
Kotynia 2007a; Novidis and Pantazopoulou 2007; Yost et al. 2007; Burke 2008;
Kalayci 2008; Al-Mahmoud et al. 2009; Costa and Barros 2010) and slabs

(a) (b)

Fig. 8.8 Flexural strengthening of RC members with: a NSM bars and b strips
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(Asplund 1949; Liu et al. 2006; Bonaldo et al. 2008; Dalfré and Barros 2011). The
test database collected for analysis refers almost 50 RC members strengthened with
NSM FRP. More than 80 % of them contain beams and only less than 20 % slabs.

The most popular FRP reinforcement used for NSM strengthening is made of
CFRP (with more than 70 % for strips and 20 % for bars), there are only 8 % of
members strengthened with GFRP bars. The tested specimens differ in geometry,
load and static schemes, internal steel reinforcement ratio, NSM FRP percentage,
FRP shape, its cross-section, concrete and adhesive strengths, concrete cover
thickness and size of RC members.

Based on published research in the field of flexural strengthening with NSM FRP
bars/strips, the most interesting observations are described and discussed in the
following paragraphs.

De Lorenzis et al. (2000) conducted one of the first tests on RC T-section beams
strengthened with CFRP and GFRP bars. Test results indicated increase in the
ultimate load of the strengthened specimens in comparison with the reference ones.
Also, they showed that the efficacy of the NSM technique depends on the bond
length of the NSM reinforcement.

Täljsten et al. (2003) tested rectangular beams in four point bending test con-
figuration. Two different dimensions of square grooves with 10 mm for cement
grout and 15 mm for epoxy grout were used. Rupture of the rods occurred in the
beam with the epoxy adhesive while FRP-adhesive slipping occurred in the beam
with the cement grout.

Hassan and Rizkalla (2003) carried out bond tests on nine T-section RC beams
strengthened with NSM CFRP strips with variable embedment lengths. The max-
imum strain of the CFRP bars ranged from 0.7 to 0.8 % for embedment lengths
below 800 mm. Results showed an increase in the CFRP strain during its debonding
with the increase in the embedment length. Failure of the beams with ribbed
NSM FRP round bars occurred by splitting of the adhesive which occurred due to
CFRP bond length below 800 mm. Whereas, in the case of beams strengthened with
NSM strips, rupture of the strips occurred when the embedment length was larger
than 850 mm.

EI-Hacha and Rizkalla (2004) tested T-section beams strengthened with CFRP
strips or bars and thermoplastic GFRP strips in three point bending test. The use of
NSM FRP reinforcements enhanced the flexural stiffness and significantly increased
the ultimate load-carrying capacity of strengthened specimens. FRP-adhesive
splitting was the dominant failure mode for the beams strengthened with
NSM CFRP bars as a result of the high tensile stresses at that interface.

Barros and Fortes (2005) and Barros et al. (2007) investigated RC beams
strengthened in flexure with variable number of NSM CFRP strips and different
steel reinforcement ratios. Test results indicated an almost double increase in the
load carrying capacity. Significant increases in the load at steel yielding and con-
crete cracking points for the strengthened beams, proved the higher efficiency of the
NSM technique in comparison with EBR one.

Teng et al. (2006) investigated the influence of the embedment length of the
strip. Test results of the beams strengthened with the shortest embedment length of
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500 mm confirmed no effect of the strengthening on the ultimate load and on the
beam’s stiffness. The medium embedment length beams, ranging from 1200 to
1800 mm, indicated increases in the load bearing capacity. Those beams failed by
concrete separation starting from the cut-off region towards the maximum moment
region. Finally, the longest embedment length showed the propagation of deb-
onding from the maximum moment region towards the cut-off section.

The results of 12 T-section RC beams by Castro et al. (2007) indicated failure
due to intermediate crack debonding in the beams strengthened with CFRP strips
and GFRP bars. Beams strengthened with CFRP bars failed by the bar-adhesive
slipping.

Novidis and Pantazopoulou (2007) confirmed very promising results of the NSM
technique in comparison to the EBR. The results indicated that the depth at which
the FRP is bonded into the longitudinal grooves influences the strengthening gain.

Kotynia (2007a) tested three series of RC beams strengthened with NSM CFRP
strips. The influence of the following parameters on the strengthening efficacy was
investigated: CFRP depth, concrete cover thickness, longitudinal tensile steel,
CFRP percentages, and concrete strength. Cutting of the steel stirrups in the tensile
zone of the beam during the strips application did not influence the ultimate load
capacity.

Based on 12 specimens, Kalayci (2008) investigated the influence of the groove
size on the strengthening gain. The beams where tested with one type of strip/bar
bonded into three different groove sizes. The ultimate loads reached for undersized
groove specimens strengthened with CFRP strips was similar to the loads in the
control specimens, even though the mid-span deflections were lower. Undersized
and control groove beams had identical modes of failure: concrete and adhesive
splitting. However, in the oversized specimens only concrete splitting occurred.
Beams strengthened with CFRP bars reached similar deflections and ultimate loads
in the control and undersized grooves specimens but, in the undersized specimens,
adhesive splitting failure was observed. One of the oversized specimens failed by
adhesive splitting while the other one by concrete splitting. Tests showed that
smaller grooves led to adhesive splitting failures and bigger ones led to concrete
splitting failures.

All the tests mentioned showed a significant effect of the FRP and steel rein-
forcement ratios likewise CFRP elasticity modulus on the ultimate loads and the
CFRP strain utilization. The increase in the CFRP stiffness led to an ultimate load
increase. However, it causes a decrease in the CFRP debonding strain.

Failure Modes

Fundamental division of the test specimens refers to the failure mode. The most
expected failure mode is the intermediate crack (IC) debonding with the adjacent
concrete cover separation and FRP rupture, which clearly show the full FRP strain
utilisation. While the adhesive splitting (AS) or concrete crushing (CC) have been
confirmed as premature failure modes, which do not indicate attractive
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strengthening efficiency. The AS failure with the FRP debonding from the adhesive
indicates a low strength of the adhesive and strongly depends on the adhesive
tensile strength (which, for this failure mode, is lower than the concrete strength)
and the groove size (for higher groove widths adhesive splitting is observed more
often).

The following failure modes appeared in the experimental tests of the RC
members strengthened in flexure with NSM FRP reinforcement and are considered
in the analysis of the strengthening efficiency:
Interfacial debonding
Interfacial debonding or adhesive cover splitting at the FRP-adhesive interface near
the anchorage zone observed in the RC members NSM strengthened in flexure
referred to similar failure modes observed in the bond tests.
Concrete cover separation
Concrete cover separation is more common for RC members strengthened with
lower distances between the several grooves of the strengthening system since this
can led to a undesirable group effect. This is also more frequent for decreasing
tensile strengths of the concrete cover.

In many tests (Asplund 1949; De Lorenzis et al. 2000; Barros and Fortes 2005;
Barros et al. 2007; Kotynia 2007a; Bonaldo et al. 2008) bond cracks inclined at
approximately 45° to the beam axis formed on the soffit of the beam. Upon reaching
the edges of the beam’s soffit, these cracks may propagate upwards on the beam
sides maintaining a 45° inclination within the cover thickness. Then, they can
propagate horizontally at the level of the steel tension bars.
(a) Bar/strip end cover separation
Concrete cover separation is typical for the extremities of NSM FRP reinforcement
at a significant distance from the supports. This failure starts from the cut-off section
and propagates to the midspan of the RC member (Teng et al. 2006; Barros et al.
2007; Al-Mahmoud et al. 2009; Costa and Barros 2010) (Fig. 8.9).
(b) Localized cover separation
Bond cracks within or close to the maximum moment region together with
pre-existing flexural and/or flexural-shear cracks may isolate triangular or

Fig. 8.9 Failure by strip end cover separation (Teng et al. 2006; Costa and Barros 2010)
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trapezoidal concrete wedges. From those, one or more will eventually split off
(Barros et al. 2007; Costa and Barros 2010).
(c) Flexural crack-induced cover separation
This failure mode is similar to the intermediate crack debonding in reinforced
concrete members externally bonded with FRP materials. Concrete cover separation
is followed by flexural concrete cracking propagating along the NSM reinforce-
ment, involving one of the shear spans and the maximum bending moment region
(De Lorenzis et al. 2000; Barros and Fortes 2005; Barros et al. 2007; Kotynia
2007a; Bonaldo et al. 2008; Costa and Barros 2010) (Fig. 8.10).
(d) Flexural-shear crack-induced cover separation
Similar to the EBR technique, when diagonal shear crack intersects the FRP,
debonding initiates due to shear and normal interfacial stresses on the side of the
crack and propagates towards the FRP reinforcement end. The failure generates in
the concrete adjacent to the adhesive-concrete interface and promotes the concrete
cover separation (Fig. 8.11a) (Costa and Barros 2010; Dalfré and Barros 2011).

When using NSM with the high depth strips, a longitudinal fracture along the
strip can be formed due to the relatively high moment of inertia, which leads to the
fracture along the FRP strip (Fig. 8.11b) (Costa and Barros 2010).
(e) Beam edge cover separation
Failure mode typical when the FRP NSM bar is located near the beam’s edge.
Detachment of the concrete cover appears along this edge (Fig. 8.12).

Fig. 8.10 Failure by intermediate crack debonding with adjacent cover concrete (Kotynia 2007a)

Fig. 8.11 Failure by concrete cover separation: a Followed by flexural shear failure crack
propagation; b Fracture along the NSM strip (Costa and Barros 2010)
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Influence of Different Parameters on the Flexural Strengthening
Performance

To unify the test results and to preserve the highest NSM efficiency in terms of the
FRP tensile strain utilization and the gain of the ultimate load, only the specimens
which failed due to concrete cover separation (CCS) were taken into analysis. The
first parameter taken into consideration was the equivalent FRP reinforcement ratio
expressed by ρf,eq = ρf Ef / Es. The influence of the equivalent FRP ratio on the
strengthening ratio (ηf) is shown on Fig. 8.13. The collected test data was divided
into several series with longitudinal steel reinforcement ratios, ρs, ranging from 0.22
to 1.19 %. Moreover, the FRP cross section to its depth/width ratio, expressed by
parameter Af / bf, identifies each test result (with values written next to the test
results on Fig. 8.13). This figure indicates that specimens with similar steel ratio
show increase in the strengthening ratio (ηf,) with increase in the strengthening ratio

Fig. 8.12 Failure by the beam edge concrete cover separation (De Lorenzis and Teng 2007)

Fig. 8.13 Effect of the
equivalent FRP percentage on
the strengthening ratio (values
of parameter Af / bf describe
test result) (Cholostiakow
et al. 2013)
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(ρf,eq). It should be noted that the strengthening efficiency increases with a decrease
in the internal steel ratio (Cholostiakow et al. 2013).

The highest strengthening ratio of 221 % was obtained for the steel ratio
ρs = 0.28 %, whereas the lowest strengthening ratio of 35 % was obtained for steel
ratios of 1.19 and 0.56 %. It seems that the most effective NSM FRP strengthening
was obtained in cases of RC members reinforced with steel ratios in the range of
0.38–0.71 % which are strengthened with the equivalent FRP reinforcement ratios
in the range 0.07–0.15 %.

The data corresponding to the most effective NSM FRP strengthening cases are
presented in the area confined with a dashed line (Fig. 8.13). For this region of
effective strengthening combinations it can be said that a minimum of 2.6 mm for
the ratio Af/bf is necessary.

The results indicate that with an increase of this parameter, the strengthening
ratio increases. Moreover, Af/bf parameter has a crucial influence on the maximum
FRP maximal strain, εf,test, during failure of the RC specimens by CCS. Test results
confirm that εf,test is not affected by both the concrete strength and steel rein-
forcement ratio. Whereas the equivalent FRP reinforcement ratio, ρf,eq, has sig-
nificant effect on the FRP strain utilization.

Comparison between beams strengthened with NSM FRP strips and bars shows
a more significant decrease in the strengthening ratio for beams strengthened with
bars than for beams strengthened with strips. A decrease in the FRP strain εf,test with
an increase in the equivalent FRP ratio is clearly visible in Fig. 8.14. Most of tested
beams failed due to the CCS at the maximum NSM FRP strains in a range of 1.2–
1.4 %. Test results show an inverse relation between the FRP strain and the
parameter Af/bf that lead to the higher FRP strain utilization for lower values of that
ratio.
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Basically, increase in the FRP stiffness causes decrease in the maximum FRP
strain εf,test. Moreover this observation corresponds to a tendency of decreasing
strain efficiency with increasing the equivalent FRP reinforcement ratio ρf Ef / Es.

Also the shape of the FRP cross-section (rectangular, square, or circle) and its
position (horizontal or vertical) strongly affect the FRP strain efficiency εf,test reg-
istered in the tests (Cholostiakow et al. 2013).

Flexural Strengthening According to ACI 440.2R-08
versus Experimental Results

The ACI 440.2R-08 design guideline presents guidance on the calculation of the
flexural strengthening effect of adding longitudinal NSM FRP reinforcement to the
tension face of a reinforced concrete member. A specific illustration of the concepts
applied in this section to the strengthening of existing rectangular or T-section RC
members in the tension zone with non-prestressed steel is given on Fig. 8.15.

The following assumptions are made when calculating the flexural resistance of
a section strengthened with an externally applied FRP system:

• Design calculations are based on the dimensions, internal reinforcing steel
arrangement, and material properties of the existing member being strengthened;

• The strains in the steel reinforcement and concrete are directly proportional to
the distance from the neutral axis (plane section principle);

• There is no relative slip between external FRP reinforcement and the concrete;
• The shear deformation within the adhesive layer is neglected because the

adhesive layer is very thin with slight variations in its thickness;
• The maximum usable compressive strain in the concrete is 0.003;
• The tensile strength of concrete is neglected and the FRP reinforcement has a

linear elastic stress-strain relationship until failure.

Unless all loads on a member, including self-weight and any prestressing forces,
are removed before installation of FRP reinforcement, the substrate to which the
FRP is applied will be strained. These strains should be considered as initial strains
and should be excluded from the FRP strain.

Fig. 8.15 Elastic strain and stress distribution in the RC members strengthened in flexure with
NSM FRP reinforcement (ACI 2008)
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The initial strain level on the bonded substrate, εbi, can be determined from an
elastic analysis of the existing member, considering all loads that will be on the
member during the installation of the FRP system. The elastic analysis of the
existing member should be based on cracked section properties.

The maximum strain level that can be achieved in the FRP reinforcement will be
governed by either the strain level developed in the FRP at the point at which
concrete crushes, the point at which the FRP ruptures, or the point at which the FRP
debonds from the substrate. The effective strain level in the FRP reinforcement at
the ultimate limit state εfe can not exceed the effective design strain for FRP rein-
forcement at the ultimate limit state εfd.

For NSM FRP applications, the value of εfd may vary from 0.6 to 0.9 εfu
depending on many factors such as member dimensions, steel and FRP rein-
forcement ratios and surface roughness of the FRP bar. Based on existing studies
the committee recommends the use of εfd = 0.7 εfu. To achieve the debonding design
strain of NSM FRP bars εfd, the bonded length should be greater than the devel-
opment length.

The design strategy explained above was applied to a database of RC beams
under the following assumptions: ACI unit safety coefficients, mean material
properties, steel in compression accounted, and parabola-rectangle concrete dia-
gram with ɛcu = 3.0 ‰ (Dias et al.) (Fig. 8.16).

Continuous RC Slabs

The Externally Bonded Reinforcement (EBR) and the Near Surface Mounted
(NSM) are the most used FRP-based techniques for the strengthening of RC ele-
ments. The efficiency of the NSM technique for the flexural and shear strengthening
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of RC members has already been assessed. However, most of the tests were carried
out with NSM strengthened simply supported elements. Although many in situ RC
strengthened elements are of continuous construction nature, there is a lack of
experimental and theoretical studies in the behaviour of statically indeterminate RC
members strengthened with FRP materials. The majority of research studies dedi-
cated to the analysis of the behaviour of continuous elements reports the use of the
EBR technique. Limited information is available in the literature dealing with the
behaviour of continuous structures strengthened according to the NSM technique.
Thus, to contribute for a better understanding of the influence of the strengthening
arrangement (hogging, sagging, or both regions) and percentage of FRP in terms of
load carrying capacity, moment redistribution capacity, and ductility performance,
an experimental program formed by continuous slab strips strengthened in flexure
with near surface mounted (NSM) Carbon Fiber Reinforced Polymer (CFRP)
laminates was carried out at the University of Minho (Bonaldo 2008; Dalfré 2013).
The experimental program was composed of seventeen 120 × 375 × 5875 mm3 RC
slab strips strengthened with NSM CFRP laminates, grouped in two series that are
different in terms of strengthening configuration: H series, where H is the notation
to identify the slabs strengthened with NSM CFRP laminates exclusively applied in
the hogging region; HS series, where HS is the notation to identify the slabs
strengthened with NSM CFRP laminates applied in both hogging and sagging
regions. Figure 8.17 presents the test configuration adopted in the experimental
program. The amount and disposition of the steel bars were designed to assure
moment redistribution percentages (η) of 15, 30 and 45 %. The NSM CFRP sys-
tems applied in the flexural strengthened RC slabs were designed to increase in 25
and 50 % the load carrying capacity of the reference slab. From the obtained results,
it was verified that the strengthening configurations composed by laminates only
applied in the hogging region did not attain the target increase of the load carrying
capacity. When applying CFRP laminates in both sagging and hogging regions (HS
series), the target increase of the load carrying capacity was attained. Therefore, to
increase significantly the load carrying capacity of the RC slabs, the sagging zones
need also to be strengthened. A moment redistribution percentage lower than the
predicted one was determined in the slabs strengthened with CFRP laminates in
the hogging region (H). For this strengthening configuration, η has decreased with
the increase of the CFRP percentage. However, adopting a flexural strengthening
strategy composed of CFRP laminates applied in both hogging and sagging regions,
the target values for the moment redistribution capacity was attained and the
influence of the percentage of CFRP on η was marginal.
Simulation of RC slab strips strengthened with NSM CFRP laminates
Numerical analyses were carried out to simulate the load-deflection relationship of
concrete elements reinforced with conventional steel bars and strengthened by
NSM CFRP laminate strips. For assessing the predictive performance of a
FEM-based computer program, the experimental tests were simulated by consid-
ering the nonlinear relevant aspects of the intervening materials. In general, the
numerical simulations have reproduced with high accuracy the behaviour of the
carried out tests. Later, a parametric study composed of 144 numerical simulations
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was carried out to investigate the influence of the strengthening arrangement and
CFRP percentage in terms of load carrying capacity and moment redistribution
capacity of continuous RC slab strips flexural strengthened by the NSM technique.

According to the results, the load carrying and the moment redistribution
capacities strongly depend on the flexural strengthening arrangement. The load
carrying capacity of the strengthened slabs increases with the equivalent rein-
forcement ratio qs;eq ¼ As=ðbdsÞ þ ðAf Ef =EsÞ=ðbdf Þ

� �
applied in the sagging and

hogging regions (qSs;eq and qHs;eq, respectively), but the increase is much more pro-

nounced with qSs;eq, specially up to the formation of the plastic hinge in the hogging
region (Fig. 8.18).

The moment redistribution (MRI) is defined as the ratio between the g of a
strengthened slab, gstreng, and the g of its reference slab, gref ; MRI ¼ gstreng=gref

� �
,

where g is the moment redistribution percentage at the formation of the second
hinge (in the sagging region). According to the results, the moment redistribution
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has increased with qSs;eq=:q
H
s;eq and positive values (MRI > 0, which means that the

moment redistribution of the strengthened slab was higher than its corresponding
reference slab) were obtained when qSs;eq=q

H
s;eq > 1.09, qSs;eq=q

H
s;eq > 1.49 and

qSs;eq=q
H
s;eq > 2.27 for g equal to 15, 30 and 45 %, respectively. Thus, the moment

redistribution percentage can be estimated if qSs;eq=q
H
s;eq is known. Figure 8.19

presents the relationship between MRI and qSs;eq=q
H
s;eq for series SL15, SL30 and

SL45. The results evidenced that the use of efficient strengthening strategies can
provide adequate levels of ductility and moment redistribution in statically inde-
terminate structures, with a considerable increase in the load carrying capacity.
Also, according to the results, a flexural strengthening strategy composed of CFRP
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laminates applied in both hogging and sagging regions has a deflection ductility
performance similar to its corresponding RC slab.

Finally, the rotational capacity of the strengthened slab strips decreases with the
increase of qHs;eq, and increases with qSs;eq. In the slab strips strengthened in both
sagging and hogging regions, a rotational capacity lower than its reference slabs
was obtained.

In conclusion, the obtained results evidence that the use of efficient strength-
ening strategies can provide adequate level of ductility and moment redistribution
in statically indeterminate structures, with a considerable increase in the load car-
rying capacity.

Columns

Flexural strengthening of RC columns is typically achieved today by using RC
jackets or some forms of steel jackets, namely steel “cages”, also followed by
shotcreting. RC jackets or steel cages covered by shotcrete require intensive labour
and artful detailing, they increase the dimensions and weight of columns and result
in substantial obstruction of occupancy. On the other hand, fibre reinforced polymer
(FRP) jacketing, which addresses all of the above mentioned difficulties, is not
applicable, as effective strengthening of columns in flexure calls for the continua-
tion of externally applied longitudinal reinforcement beyond the end cross-sections,
where moments are typically higher. To overcome the aforementioned difficulties
and problems associated with conventional techniques and FRP jacketing, recent
research efforts have focused on the use of innovative strengthening techniques:

Fig. 8.19 Flexural strengthening of RC column with: a NSM reinforcement combined with
composite material jacketing; b externally bonded FRP sheets combined with spike anchors
(possibly combined with jacketing, not shown for the sake of clarity)
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flexural strengthening of RC columns may be achieved through the use of
near-surface mounted (NSM) FRP (Alkhrdaji et al. 2001; Bournas and Triantafillou
2009; Perrone et al. 2009; Maaddawy and Dieb 2011) or through a combination of
externally bonded (EBR) FRP sheets (or laminates) and anchors (Prota et al. 2005;
Realfonzo and Napoli 2009; Vrettos et al. 2013). This form of externally applied
longitudinal reinforcement is prevented from local buckling in highly compressed
areas through the use of confining jackets made of composite materials with
polymer-based (FRP) or inorganic matrices (textile-reinforced mortars—TRM (e.g.
Bournas et al. 2007; Bournas and Triantafillou 2009; see Chap. 9). These concepts
are illustrated in Fig. 8.19.

Test Specimens and Tests Setup

A number of experimental programs studied the flexural strengthening of old-type
RC columns with NSM reinforcement (Alkhrdaji et al. 2001; Bournas and
Triantafillou 2009; Perrone et al. 2009). In Bournas and Triantafillou (2009) and
Perrone et al. (2009) large-scale RC columns were tested under cyclic uniaxial
flexure with constant axial load (Fig. 8.20a). The specimens were
flexure-dominated cantilevers, with a height to the point of application of the load
of 1.6 or 1.5 m in Bournas and Triantafillou (2009) and Perrone et al. (2009),
respectively, and a cross-section of 250 × 250 mm2. The geometry of a typical
cross-section is shown in Fig. 8.20b. The specimens were designed such that the
effect of a series of parameters on the flexural capacity of RC columns could be
investigated. These parameters comprised: type of NSM reinforcement (CFRP
strips, GFRP bars, stainless steel rebar); configuration of NSM reinforcement
(CFRP strips placed with their large cross-section side perpendicular or parallel to
the column sides, depending on whether a proper concrete cover is available or
not); amount—that is geometrical reinforcing ratio—of NSM or internal rein-
forcement; type of bonding agent for the NSM reinforcement (epoxy resin vs.
cement-based mortar); and NSM reinforcement with or without local jacketing at
the member ends.

A short description of the specimens is given in Fig. 8.20c. Of crucial impor-
tance in the selection of NSM reinforcement was the requirement of equal tensile
strength (not area or stiffness) for each of the reinforcing elements (CFRP strips,
GFRP bars, stainless steel bars). The test setups adopted in Bournas and
Triantafillou (2009) and Perrone et al. (2009) are identical with the columns fixed
into a heavily reinforced base block, within which the longitudinal bars were
anchored. The columns were subjected to lateral cyclic loading which consisted of
successive cycles progressively increasing by 5 mm (or 2.5 mm in Perrone et al.
2009) of displacement amplitudes (0.31 % drift ratio) in each direction. At the same
time a constant axial load was applied to the columns. The lateral load was applied
using a horizontally positioned servo-hydraulic actuator. The axial load was exerted
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by a set of four hydraulic cylinders, acting against two vertical rods connected to the
strong floor of the testing frame through a hinge (Fig. 8.20a). Displacements and
axial strains at the plastic hinge region were monitored using LVDTs fixed at the
cross sections close to the column base (Fig. 8.20a). The instrumentation also
comprised a number of strain gages which were mounted on the NSM reinforcing
elements to calculate the NSM reinforcement strain at failure.

Fig. 8.20 a Schematic of test setup. b Cross-section of columns. c Detail of NSM reinforcement
configuration in columns: (i) C_Per, C_Per_ρn2, C_Per_ρs2; (ii) C_Par and C_Par_J; (iii) G;
(iv) S_R and S_R_J; and (v) S_M and S_M_J. (dimensions in mm)
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Failure Modes and Effective Strain

The flexural failure of RC columns strengthened in flexure with NSM reinforce-
ment (FRP or stainless steel bars) occurs due to concrete crushing at the ultimate
compressive strain, εc = εccu (or εcu for unconfined concrete), or due to failure of the
NSM reinforcement at a limiting strain εn,lim, which generally develops after
yielding of the internal tension steel bars. This strain depends on the failure mode of
the external reinforcement, which may be debonding or tensile rupture. For design
purposes, the simplest approach to account for debonding is to calculate the strain
in the external reinforcement at debonding, εn,b, as the product of the ultimate strain
εn,u (the yield strain, in case of steel NSM reinforcement) and a bond reduction
factor kb. Debonding of the external reinforcement depends mainly on the
anchorage length, configuration of rebar, nature of loading (monotonic or cyclic)
and presence of external confinement. Experimental evidence (Bournas and
Triantafillou 2009; Vrettos et al. 2013) suggests that even if failure of the external
reinforcement is due to tensile rupture (in the case of FRP), the failure strain is, in
general, less than the (monotonic) uniaxial ultimate strain derived from material
testing. The effective ultimate tensile strain of FRP is calculated as the product of
the ultimate tensile strain and an effectiveness reduction factor kr, which depends
mainly on the nature of loading (monotonic or cyclic) and the type of anchorage of
the longitudinal reinforcement (e.g. configuration of spike anchors). Examples for
the estimation of kb and kr may be found in Bournas and Triantafillou (2009) and
Vrettos et al. (2013). As documented in these studies, if (a) flat FRP strips are used
as NSM flexural reinforcement with their long side parallel to the column side,
(b) the loading is cyclic, and (c) no confining jackets are used, then failure is due to
debonding and kb is about 0.25. If the same configuration is combined with jac-
keting, debonding is suppressed and failure is governed by rupture of the external
reinforcement with kr about 0.67. If the strips are used with their long side per-
pendicular to the column side (without confining jacket) failure is governed by
rupture with kr of about 0.5. If the NSM FRP is in the form of rebars with circular
section, failure is controlled by debonding with kb about 0.35. If FRP spike anchors
are used with sufficient anchorage length so that failure is controlled by rupture
(Vrettos et al. 2013), the effective strength of those anchors (in the case of cyclic
loading) is approximately equal to 30 % of the tensile strength of straight fibres,
hence kr = 0.30. Finally, if the NSM reinforcement comprises properly anchored
stainless steel rebar, those rebar yield prior to failure of the cross section due to
concrete crushing, hence kr = 1. All values for kb and kr given above should be
considered as indicative, as they have been derived on the basis of relatively limited
test results. The point to be made here is that, if the cross-section failure mode
involves failure of the NSM flexural reinforcement, the cross-section analysis can
be made with the strain in the external reinforcement equal to a (known) fraction of
the ultimate uniaxial tension strain, to be determined through testing.
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Load-Deflection Response

The response of the columns tested in Bournas and Triantafillou (2009) and Perrone
et al. (2009) is given in Fig. 8.21 in the form of load-drift ratio and load-deflection
loops, respectively. In Bournas and Triantafillou (2009) the control specimen
attained a peak load of about 33 kN and a drift ratio at failure of 6.25 %. With only
one exception (column C_Par) all strengthened specimens displayed considerably
higher (from about 25 % up to about 100 %) flexural resistance compared to the
control specimen.
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Influence of Different Parameters on the Flexural Strengthening
Performance

Type of NSM reinforcement (C_Per vs. G vs. S_R). Despite the roughly equal
(monotonic) uniaxial strength of CFRP, GFRP and stainless steel bars, the latter
were more effective, resulting in a strength increase equal to 64 %. The respective
values for FRPs were lower (26 % for CFRP and 22 % for GFRP), due to failure of
the FRP reinforcing elements at strains less than those corresponding to peak stress,
as a result of cyclic loading. In terms of deformation capacity, quantified here by the
drift ratio at conventional failure, stainless steel and GFRP bars outperformed
CFRP strips by approximately 25 %, due to the lower deformability of carbon fibres
in comparison with the other two materials.

Geometrical reinforcing ratio of NSM reinforcement (C_Per vs. C_Per_ρn2).
Increasing the NSM reinforcing ratio by 50 % (three vs. two strips in each side)
resulted in a nearly proportional increase in column’s strength, which is from 26 %
in specimen C_Per to 35 % in specimen C_Per_ ρn2. This linearity may not apply in
the case of large NSM reinforcing ratios.

Configuration of NSM strips (C_Per versus C_Par). In the absence of local
jacketing, NSM strips placed with their larger cross-section side perpendicular to
the column side were far more effective than those with their larger cross section
side parallel to the column side, due to the more favourable bond conditions. The
strength increase in the former case was 26 %, but only 4 %, that is marginal, in the
latter case.

NSM reinforcement with or without local jacketing (C_Par versus C_Par_J, S_R
versus S_R_J, S_M versus S_M_J). TRM jackets resulted in dramatic improve-
ments of the retrofitted specimens’ response, by increasing both strength and
deformation capacity. Jacketing with TRM prevented buckling of the NSM rein-
forcement, thereby making the strength increase from 4 to 36 % in the case of
CFRP and from 64 to 90 % in the case of stainless steel. In columns retrofitted with
NSM bars placed inside mortar, jacketing offered a marginal increase in strength
and a moderate increase in deformation capacity. Of all NSM systems examined,
the one comprising stainless steel bars and TRM jacketing displayed the best
response with stable post peak behaviour and minimal strength degradation up to
large drift ratios. NSM FRP or stainless steel reinforcement is a viable solution
towards enhancing the flexural resistance of reinforced concrete columns subjected
to seismic loads. With proper design, which should combine compulsory NSM
reinforcement with local jacketing at column ends, it seems that column strength
enhancement does not develop at the expense of low deformation capacity.

Type of bonding agent (S_R versus S_M, S_R_J versus S_M_J). Epoxy resin
was a much more effective bonding agent for NSM stainless steel. For the unjac-
keted specimens, when mortar was used (S_M) instead of resin (S_R) the increase
in strength dropped from 64 to 24 %; the corresponding values for jacketed
specimens were 90 and 29 %. Hence, the use of mortar instead of resin reduced the
effectiveness of the strengthening scheme to about 1/3, due to pullout of the NSM
bars.
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Design of NSM Strengthened Columns Subjected to Biaxial Bending

Numerical and analytical modelling of columns strengthened with the NSM tech-
nique was implemented in Barros et al. (2008) and Bournas and Triantafillou
(2013), respectively. Cyclic material constitutive laws were implemented in a finite
element program and the tests with RC columns strengthened with the NSM
technique were numerically simulated under cyclic loading in Barros et al. (2008).
These numerical simulations reproduce the experimental load displacement dia-
grams satisfactorily. The modelling of the biaxial bending in columns strengthened
with NSM reinforcement in combination with confinement proposed in Bournas
and Triantafillou (2013) is presented. For any rectangular cross-section subjected to
biaxial bending with axial force, the neutral axis is inclined, as shown in Fig. 8.22.
The corresponding slope depends on the ratio of the bending moments in the two
orthogonal directions and the mechanical properties of the cross-section. Some
details of the cross-section analysis are given next.

The strains in the internal reinforcement, εsi (i = 1, 2, 3, 4), and in the external
reinforcement, εnib and εnih (i = 1, 2, 3, 4), may be found from similar triangle in
terms of the strain at the extreme concrete fibre, ec, and the geometrical quantities x,
h, b, ds, bs, db, bb, dh, bh, and θ (angle of the neutral axis with respect to side h), all
defined in Fig. 8.22. To account for internal steel yielding, failure of the external
reinforcement (debonding or fracture in case of FRP, yielding in case of stainless
steel) or concrete crushing, strain compatibility should be checked. For the case of
external FRP the conditions to be checked are the following:
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If esi � fy
Es

then fsi ¼ fy ð8:5aÞ

If
fy
Es

[ esi [ � fy
Es

then fsi ¼ Es � esi ð8:5bÞ

If esi � � fy
Es

then fsi ¼ �fy ð8:5cÞ

max ee4b; ee4hð Þ� ee;lim ð8:6Þ

ec � eccu for confined concrete or ecu for unconfined ð8:7Þ

If esi � fy
Es

then fsi ¼ fy ð8:8aÞ

If
fy
Es

[ esi [ � fy
Es

then fsi ¼ Es � esi ð8:8bÞ

If esi � � fy
Es

then fsi ¼ �fy ð8:8cÞ

max ee4b; ee4hð Þ� ee;lim ð8:9Þ

ec � eccu for confined concrete or ecu for unconfined ð8:10Þ

The forces of internal steel bars and external reinforcement can be computed as
follows:

Fsi ¼ Asi � fsi ð8:11Þ

Feib ¼ Aeib � Ee � eeib ð8:12Þ

Feih ¼ Aeih � Ee � eeih ð8:13Þ

where Asi = As/4 = area of internal steel reinforcement concentrated at section’s
corners, Anib = Anb/4 = area of NSM reinforcement lumped at each position on side
b, Anih = Anh/4 = area of external reinforcement lumped at each position on side
h and En = elastic modulus of NSM reinforcement. For concrete in the “elastic”
range (stresses less than fco) the magnitude of concrete’s compressive stress
resultant Fc is equal to the volume of a triangular pyramidal stress block (OABC in
Fig. 8.23) with a height taken to be the maximum stress of concrete at a corner
point. For concrete strains above εco the material behaves nonlinearly and the
compression stress block (OABGDE in Fig. 8.23) becomes complex. The com-
plexity of the analysis in this case can be reduced and the nonlinear stress
calculations can be reduced to a sequence of linear ones, by computing the volume
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of the nonlinear stress block (that is the compressive stress resultant) as the alge-
braic sum of volumes of simple triangular pyramidal stress blocks as follows:

Fc ¼ VOABC � VFEGC þ VFEGD � VAIJH ð8:14Þ

Hence:

Fc ¼ 1
6
LhLbEcec � 1

6
L0hL

0
bEc ec � ecoð Þ þ 1

6
L0hL

0 fcc � fcoð Þ
eccu � ecoð Þ

� 1
6
L00hL

00
bEc ec

L00b
Lb

� �
ð8:15Þ

where Lh = x = neutral axis depth parallel to side h (Fig. 8.23), Lb = xtanθ = neutral
axis depth parallel to side b, Ec = elastic modulus of concrete and L′h, L′b, L″h, L″b
as given by the following relationships (Fig. 8.23):

L0h ¼
ec � ecoð Þ

ec
Lx; L0h ¼

ec � ecoð Þ
ec

Lb; L00h ¼ Lh � b tan h; L00b ¼ Lh � b

ð8:16Þ

The equations presented above have three unknown quantities: x and tanθ, which
define the position of the neutral axis, as well as εc that is the maximum com-
pressive strain in the concrete. These unknowns can be determined through the use
of axial force and moment equilibrium:

A

J

I

H

B

O

E

G

F

D

C

Lh = x

L

Neutral axis

b = x tan
Ec co

c

Ec c

h

b

Fig. 8.23 Pyramidal compressive stress block in concrete
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N ¼ Fc þ
X4
i¼1

Fsi þ
X4
i¼1

Feib þ
X4
i¼1

Feih ð8:17Þ

My ¼ Fc
b
2
� 0:25 � x � tgh

� �
þ Fs1 � Fs2 þ Fs3 � Fs4ð Þ b

2
� bs

� �

þ Fe1b � Fe2b þ Fe3b � Fe4bð Þ b
2
� bb

� �

þ Fe1h � Fe2h þ Fe3h � Fe4hð Þ b
2
� bh

� �
ð8:18Þ

Mz ¼ Fc
b
2
� 0:25 � x

� �
þ Fs1 þ Fs2 � Fs3 � Fs4ð Þ h

2
� ds

� �

þ Fe1b þ Fe2b � Fe3b � Fe4bð Þ h
2
� db

� �

þ Fe1h þ Fe2h � Fe3h � Fe4hð Þ h
2
� dh

� �
ð8:19Þ

where N is the (compressive) axial force in the column and My and Mz are the
bending moments with respect to the two centroidal axes y and z, respectively
(Fig. 8.22). To account for the effect of possible confinement provided by com-
posite material jacketing, the compressive stress–strain response of concrete is
modelled as bilinear, in agreement with extensive experimental evidence.
According to the typical approach toward modelling confinement of concrete by
composite materials, the confined strength fcu and ultimate strain εccu, depend on the
confining stress at failure (fracture of the jacket in the circumferential direction), σlu,
as follows (Bournas and Triantafillou 2013):

fcc
fco

¼ 1þ k1
rlu
fco

� �m

ð8:20Þ

eccu
eco

¼ 1þ k2
rlu
fco

� �n

ð8:21Þ

The confining stress σl is, in general, non-uniform, especially near the corners of
rectangular cross sections. As an average for σl in a cross section with dimensions
b and h one may write (Bournas and Triantafillou 2013):

rl ¼ rlh þ rlb
2

¼ 1
2
af

2tj
h
Ejej þ 2tj

h
Ejej

� �
ð8:22Þ

where Ej and εj are the elastic modulus and strain, respectively, of the composite
material jacket in the circumferential direction, tj is the jacket thickness and αf is a

8 NSM Systems 335



confinement effectiveness coefficient, which is defined as the ratio of effectively
confined area Ae to the total cross-sectional area Ag as follows (fib 2001):

af ¼ 1� b� 2rcð Þ2þ h� 2rcð Þ2
3bh

ð8:23Þ

Hence, the confining stress at failure, σlu, is given by Eq. (8.24) with Ejεj
replaced by fje, the effective jacket strength in the circumferential direction. Finally,
the normalized confining stress at failure is written as:

rlu
fco

¼ rluh þ rlub
2fco

¼ 1
2
af

2tj
h

fje
fco

þ 2tj
b

fje
fco

� �
¼ 1

2
af xfh þ xfb
� � ð8:24Þ

where ωfh = (2tj/h)(fje/fco) and ωfb = (2tj/b)(fje/fco) are the mechanical ratios of
composite confining jacket in the direction perpendicular to side h and b, respec-
tively. The literature on the precise form of confinement models for concrete, that
is, on values for the empirical constants in Eqs. (8.20) and (8.21), is vast. In this
study it was assumed that k1 = 2.6, m = 2/3, k2 = 7.5, and n = 0.5. However, the
confinement model may be used with any other set of data for those empirical
constants.

Comparison of the Analytical and Numerical Models with Test Results

The analytical procedure described was implemented in a computer program
(Bournas and Triantafillou 2013). The program uses geometrical and material data
as input to yield, through an iterative numerical procedure, bending moment—axial
force interaction diagrams for different cross-sections. This computer program was
used to facilitate the comparison of analytical predictions with test results identified
in the literature on flexural strengthening of RC columns with NSM reinforcement.
Such results are limited and apply mainly to the case of uniaxial or biaxial bending
with axial force in columns strengthened with NSM rebar (Alkhrdaji et al. 2001;
Bournas and Triantafillou 2009; Perrone et al. 2009; Maaddawy and Dieb 2011),
whereas a few test results may be found for the case of uniaxial bending with axial
force in columns with anchors or anchorage devices (fibre-based or metallic) at the
critical cross-sections (Prota et al. 2005; Realfonzo and Napoli 2009; Vrettos et al.
2013). These results are summarized in Fig. 8.24a, where the predicted to experi-
mental moment ratio is plotted for each column. The mean and the standard
deviation of the ratio of the predicted-to-experimental value of normalized ultimate
moments μmax are equal to 0.985 and 0.111, respectively. The overall agreement
between analysis and test results is quite satisfactory. Finally, it should be men-
tioned that the numerical model developed in Barros et al. (2008) reproduced with
good agreement the load-defection response of NSM strengthened columns as
illustrated in Fig. 8.24b.
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Shear Strengthening

Experimental research has demonstrated that the near surface mounted technique
(NSM) is very effective for the shear strengthening of reinforced concrete
(RC) beams (Barros and Dias 2006; Kotynia 2007b; El-Hacha and Wagner 2009).
Available experimental results evidence that FRP reinforcements of rectangular
cross section provide the greater shear strengthening effectiveness, due to larger
ratio between the FRP-concrete bond perimeter and the cross sectional area of the
FRP reinforcement, as well as larger confinement provided by the surrounding
concrete to the FRP (Costa and Barros 2011). The FRP reinforcements are posi-
tioned orthogonally to the beam’s axis, or as orthogonal as possible to the predicted
direction of the shear failure crack, or to the already existing shear cracks.
Carbon FRP (CFRP) laminates of rectangular cross section have been the most used
in the NSM technique, so the design formulations herein proposed were mainly
developed and calibrated by using experimental results from tests executed with RC
beams shear strengthened with CFRP laminates, but their good predictive perfor-
mance was also demonstrated when applied to other types of NSM FRP shear
reinforcements.

The available experimental research also demonstrates that the NSM shear
strengthening effectiveness is mainly dependent on the following parameters: per-
centage and orientation of the FRP reinforcements, concrete strength, and per-
centage of existing steel stirrups. The strengthening intervention often involves
concrete elements already cracked. However, the experimental tests show that the
main difference of the behaviour of NSM FRP beams with and without pre-cracks
resides in an expected loss of initial stiffness in the pre-cracked beams (Dias and
Barros 2012). In these beams the mobilization of the FRP reinforcements started

Fig. 8.24 a Comparison of experimental normalized bending moment capacity with value
predicted by analytical model proposed in Bournas and Triantafillou (2013). b Comparison of
experimental force-displacement response of an NSM strengthened column with the numerical
model developed in Barros et al. (2008)
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just after the opening process of the pre-cracks, while the mobilization of the FRP
reinforcements in the non-pre-cracked beams only occurred when the shear crack
has formed. However, the pre-cracking did not affect the efficacy of the NSM shear
strengthening technique in terms of load carrying capacity and ultimate deflection.

Design Approaches

Two design approaches are proposed in this chapter. One is supported on extensive
experimental program (Dias 2008), whose relevant results are resumed elsewhere
(Dias and Barros 2013). The second one (Bianco et al. 2013) is a simplification of a
more general formulation based on an original interpretation of the NSM shear
strengthening phenomena for RC beams that fulfils equilibrium, kinematic com-
patibility, and constitutive law of both the adhered materials and the bond between
them (Bianco et al. 2010). The former approach is herein designated as
“Experimental-base model”, while the latter is named “Physical-mechanical-base
model”.

Experimental-Base Model

According to this model the force resulting from the tensile stress in the FRP
laminates crossing the shear failure crack (Ff) is defined as,

Ff ¼ nf � Afv � ffe ð8:25Þ

where ffe is the effective stress in the laminates, which is obtained multiplying the
elastic modulus of the FRP, Ef, by the effective strain, efe. In Eq. (8.25) Afv is the
cross-sectional area of a FRP shear reinforcement that is formed by two lateral
elements:

Afv ¼ 2 � af � bf ð8:26Þ

where af and bf are the dimensions of the reinforcement cross-section. The number
of reinforcements crossed by the shear failure crack (nf) is obtained by the equation:

nf ¼ hw � cotg aþ cotg hf
� �

sf
ð8:27Þ

where (Fig. 8.25) hw is the web depth of the beam (equal to the length of vertical
reinforcements), a is the orientation of the shear failure crack, hf is the inclination of
the FRP reinforcement with respect to the beam axis, and sf is the spacing of
laminates.
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The vertical projection of the force Ff is the contribution of the FRP to the shear
resistance of the beam (Vf):

Vf ¼ Ff � sin hf ð8:28Þ

Considering Eqs. (8.25)–(8.28) the value of Vf can be obtained from:

Vf ¼ hw � Afv

sf
� efe � Ef � cotg aþ cotg hf

� � � sin hf ð8:29Þ

and, consequently:

efe ¼ Vf

	
hw � Afv

sf
� Ef � cotg aþ cotg hf

� � � sin hf
� �

ð8:30Þ

Based on the data derived from the experimental programs described in Dias
(2008) and Dias and Barros (2013) the equation to obtain the value of the parameter
efe for the possible distinct NSM shear strengthening configurations is the following
one:

efe ¼ 3:76888 � e �0:1160261 hf þ 0:0010437 h2fð Þ

� Efqf þ Esqsw
� �


f 2=3cm

� �� ��0:460679�e 0:0351199 hf � 0:0003431 h2
fð Þ

ð8:31Þ

where fcm is the average concrete compressive strength, qf ¼
2 � af � bf
� �


bw � sf � sin hf
� �� �

is the percentage of FRP shear reinforcement, and
Es and qsw ¼ Asw= bw � swð Þð Þ are the elastic modulus and the percentage of existing
steel stirrups, respectively.

(cotg α + cotg θ

α

Shear crack

CFRP laminate

CFRP laminate

CFRP laminate

fθ
sf

wh

hw f )

Fig. 8.25 Data for the analytical definition of the effective strain of the FRP

8 NSM Systems 339



Figure 8.26 compares the experimental and the analytical values of Vf (V
exp
f and

Vana
f , respectively) for the beams considered in the development of the analytical

formulation (Dias 2008; Dias and Barros 2013). According to this figures 95 % of
the considered beams are in the safety zone (at the left side of diagonal line).
Furthermore, the average value of the k parameter ðk ¼ V exp

f =Vana
f Þ considering the

safety factor cf equal to 1.3 was 1.31, and the corresponding standard deviation
value was 0.18.

Physical-Mechanical-Base Model

The physical-mechanical-base model assumes that the possible failure modes that
can affect the ultimate behaviour of a NSM FRP reinforcement comprise: loss of
bond (debonding); concrete semi-pyramidal tensile fracture; mixed
shallow-semi-pyramid-plus-debonding and FRP tensile rupture (Fig. 8.27). This
follows from the successive simplifications of the original model (Bianco et al.
2010) in order to result a closed form approach suitable for design purposes (Bianco
et al. 2013).

The input parameters of this model include (Figs. 8.28 and 8.29) (Bianco et al.
2013): beam cross-section web’s depth hw and width bw;inclination angle of both
CDC and FRP with respect to the beam longitudinal axis, h and b, respectively;
FRP spacing measured along the beam axis, sf ; angle a between axis and principal
generatrices of the semi-pyramidal fracture surface (Fig. 8.28c–d); concrete average
compressive strength, fcm; FRP tensile strength, ffu, and Young’s modulus Ef ;
thickness, af , and width, bf , of the FRP cross-section, and values of bond stress, s0,
and slip, d1, defining the adopted local bond stress-slip relationship (Fig. 8.28b).
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Fig. 8.26 Comparison
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The implementation of the proposed calculation procedure comprehends the
following steps (Fig. 8.29) (Bianco et al. 2013): (1) evaluation of the average value
of the available (resisting) bond length �LRfi (Eq. 8.32) and of the minimum integer
number Nl

f ;int of NSM reinforcements that can effectively cross the CDC (Eq. 8.33);
(2) evaluation of various constants, both integration and geometric ones (Eqs. 8.34–
8.39); (3) evaluation of the bond-modeling constants (Eqs. 8.40 and 8.41);
(4) evaluation of the reduction factor g of the average value of the available
(resisting) bond length (Eqs. 8.42–8.44) and of the equivalent value of the average
resisting bond length �LeqRfi (Eq. 8.45); (5) evaluation of the value of the imposed end
slip dLu in correspondence of which the peak value of the force transmissible
through bond by the equivalent value of the resisting bond length L

eq
Rfi can be

attained (Eqs. 8.46–8.48); (6) evaluation of the maximum effective capacity that a
NSM of bond length L

eq
Rfi can attain during the beam loading process ðVmax

fi; eff Þ
(Eqs. 8.49 and 8.50); (7) evaluation of the FRPs shear strength contribution Vf

(Eq. 8.51).

�LRfi ¼ hw � sin h � cot hþ cot bð Þ
4 � sin hþ bð Þ ð8:32Þ

Nl
f ;int ¼ round off hw � cot hþ cot bð Þ

sf

� �
ð8:33Þ

Lp ¼ 2 � bf þ af ð8:34Þ

Ac ¼ sf � bw2 ð8:35Þ

Ld ¼ hw
sin h

ð8:36Þ

Vtr
f ¼ af � bf � ffu ð8:37Þ

(a) (b) (c) (d)

Fig. 8.27 Possible failure modes of an NSM FRP strip: a Debonding, b FRP tensile rupture,
c concrete semi pyramidal fracture, d mixed shallow semi pyramid plus debonding
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fctm ¼ 1:4 � fcm � 8ð Þ=10ð Þ23 ð8:38Þ

Ec ¼ 2:15 � 10000 � fcm=10ð Þ13 ð8:39Þ

J1 ¼ Lp
Af

� 1
Ef

þ Af

Ac � Ec

� �
1

k2
¼ d1

s0 � J1 C3 ¼
Vtr
f � J1
Lp � k ð8:40Þ

LRfe ¼ p
2 � k ; Vbd

f 1 ¼ Lp � k � d1
J1

ð8:41Þ

g sf ; bw; fcm; �LRfi
� � ¼ fctm



f �ctm se fctm\f �ctm

1 se fctm � f �ctm

(
ð8:42Þ

f �ctm ¼ Lp � k � d1 � sin k � LRfi
� �

J1 �min LRfi � tan a; bw2
� � �min sf � sin b; 2 � LRfi � tan a

� � ð8:43Þ

0 1; ; ; ; ; ; ; ; ; ; ; ;w w cm f fu f f fh b f s f E a bα β τ δ θ
Input Parameters

( ) ,int

Evaluation of the average available resisting bond length and the minimum 

integer number of FRP strips effectively crossing the CDC
; ; ; ; l

Rfi w f fL f h s Nθ β=

1 1 3

Evaluation of various constants

; ; ; ; ; ;tr bd
p c f fL A V V J Cλ

( )

Evaluation of the average available resisting bond length reduction factor

and the equivalent average resisting bond length 

; ; ; ; eq
f w ctm Rfi Rfis b f L Lη
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,
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fi effV
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Fig. 8.29 Main algorithm of the calculation procedure (Bianco et al. 2013)
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LRfi ¼
�LRfi if �LRfi � LRfe
LRfe if �LRfi [ LRfe

(
ð8:44Þ

�LeqRfi ¼ �LRfi � g sf ; bw; fcm; �LRfi
� � ð8:45Þ

dLu ¼
dL1 �LeqRfi

 �
if Vbd

f 1 \Vtr
f

min dL1 �LeqRfi
 �

; dLi Vtr
f

 �h i
if Vbd

f 1 �Vtr
f

8><
>: ð8:46Þ

dL1 �LeqRfi
 �

¼ d1 � 1� cos k � �LeqRfi
 �h i

for �LeqRfi � LRfe

d1 for �LeqRfi [ LRfe

8<
: ð8:47Þ

dLi V tr
f

 �
¼ d1 � 1� cos � arcsin

C3

d1

� �� �
ð8:48Þ

Vmax
fi;eff ¼ Vfi;eff cmaxð Þ ¼ d1 � A2

2 � Ld � A3 � cmax
� p

2
� arcsinw� w �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� w2

q� �
ð8:49Þ

A2 ¼ Lp � k
J1

; A3 ¼ sin hþ bð Þ
2 � d1 ; cmax ¼

2 � dLu
Ld � sin hþ bð Þ ;

w ¼ 1� A3 � cmax � Ld
ð8:50Þ

Vfd ¼ 1
cRd

� Vf ¼ 1
cRd

� 2 � Nl
f ;int � Vmax

fi;eff � sin b
 �

ð8:51Þ

The predictive performance of this model was assessed by Bianco et al. (2013)
by using available experimental results. Assuming for the angle a the value of 28.5°
for all the experimental programs, considering for the fctm the values determined
from the formulae of the CEB-FIP Model Code 90 (1993), and adopting for the
local bond stress-slip relationship the values s0 ¼ 20:1 MPa and d1 ¼ 7:12 mm,
this formulation provided very satisfactory estimates of the experimental record-
ings, resulting the ratio of the prediction versus the experimental value character-
ized by a mean value and a standard deviation of 0.69 and 0.29, respectively.
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Chapter 9
Fiber Reinforced Composites
with Cementitious (Inorganic) Matrix
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Abstract Fibre reinforced composite systems are increasingly used in civil engi-
neering infrastructure applications for strengthening and rehabilitation of reinforced
concrete (RC) structures. Composite materials represent a sustainable alternative to
new construction because they allow for an extension of the original service life and
therefore prevent demolition of existing structures. Promising newly-developed
types of matrix that potentially represent a valid, sustainable, and durable alterna-
tive to epoxy, employed in fibre-reinforced polymer (FRP) composites, are the
so-called inorganic matrices. Within the broad category of inorganic matrices,
cement-based mortars have raised some interest in recent years. This chapter
intends to highlight the potentials of this new category of fibre-reinforced com-
posites as a viable alternative to traditional FRP systems. The latest advancements
in this field and the new challenges that researchers will face in the future are
presented and discussed.
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Introduction

Strengthening and rehabilitation of reinforced concrete (RC) structures with
externally-bonded composite materials represent a sustainable alternative to new
construction because they allow for an extension of the original service life and
therefore prevent demolition of existing structures. In the last two decades
fibre-reinforced polymer (FRP) composites have been the most common type of
composite used for structural applications. FRP comprises of continuous fibres
(usually carbon, glass, or aramid) and a thermosetting (organic) resin, typically
epoxy, as the matrix. Promising newly-developed types of matrix that potentially
represent a valid, sustainable, and durable alternative to epoxy are the so-called
inorganic matrices. Within the broad category of inorganic matrices,
polymer-modified cement-based mortars have raised some interest in recent years.
Composite materials that employ modified cement-based mortars are usually
referred to as fibre-reinforced cementitious matrix (FRCM) composites. Alternative
names have been proposed in the literature and refer to different types of matrix or
application. Among the others, the most common names are TRM (Textile
Reinforced Mortar) (e.g. Bisby et al. 2009; Triantafillou 2010), TRC (Textile
Reinforced Concrete) (e.g. Banholzer et al. 2006; Brückner et al. 2006; Hartig et al.
2008; Hegger et al. 2006; Peled et al. 2008; Wiberg 2003; Zastrau et al. 2008),
MBC (Mineral Based Composites) (Täljsten and Blanksvärd 2007) or FRC (Fiber
Reinforced Cement) (e.g. Wu and Sun 2005). Similar materials used for masonry
structures strengthening applications are identified in the technical literature with
the acronyms CMG (Cementitious Matrix-Grid system) (Prota et al. 2006; Lignola
et al. 2009), IMG (Inorganic Matrix Grid system) (Parisi et al. 2011), CFCM
(Carbon Fiber Cement Matrix) (Kolsch 1998). FRCM is used as the acronym of
fabric reinforced cementitious matrix in the ACI guideline (ACI 2013). In the
following sections the acronyms FRCM as well as TRM will be used as synonyms
to refer to composites that employ inorganic matrices.

In FRCM composites, fibres are typically bundled (rovings), and the fibre pattern
can be modified from unidirectional to bidirectional textile weaves or fabrics in an
attempt to improve the bond characteristics. The still-limited available literature
reports that FRCM composites can be used effectively for strengthening and
rehabilitation of RC structures. In FRP-concrete joints, it is well-understood that
interfacial crack propagation typically occurs within a thin layer of the substrate
close to the FRP composite, and therefore the concrete mechanical and fracture
properties and the surface treatment play a fundamental role in the evaluation of the
strengthening performance. In FRCM-concrete joints the interfacial debonding
might occur within the composite for some commercially available FRCM systems;
hence the substrate, on which the composite is applied, may not play a key role in
the design of the strengthening system, which is an interesting aspect of this
composite. Large slips at the interface between fibres and matrix have been
observed during the debonding of FRCM composites from a concrete substrate
(D’Ambrisi et al. 2012, 2013a; D’Antino et al. 2014; Sneed et al. 2014; Carloni
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et al. 2014). When the debonding occurs at the matrix-fibre interface, the phe-
nomenon itself is complicated by the telescopic behaviour observed among the fibre
filaments of a fibre bundle where the core filaments have a different mechanism of
stress transfer with respect to the outer filaments, mainly due to the different
impregnation of the fibres by the matrix. Although real applications of FRCM
composites on structure subjected to fatigue loading were performed (D’Ambrisi
et al. 2015), studies regarding the behavior of FRCM composites subjected to
fatigue loading are very limited (D’Antino et al. 2015).

In the next section a brief description of some of the FRCM systems commer-
cially available is presented to show the great variability of the matrix-fibre com-
binations, which in turn determines also a variability of the response of the
FRCM-concrete interface. After a brief presentation of the available FRCM sys-
tems, the tensile behaviour, the bond characteristics, and finally the use of FRCM
systems for flexural and confinement applications are presented.

FRCM Materials

In this section a brief description of some of the commercially available FRCM
systems is reported.

Materials by G&P

G&P introduced in the international market different composite systems such as
FRCM (carbon, AR glass and basalt grids) and SRG (UHTSS high resistance steel
fabric) used with inorganic matrix (like cementitious or structural lime) for struc-
tural reinforcement of buildings. The main advantages of these systems are fire
resistance, easy application on rough and moist surfaces, and ductility. In addition,
FRCM and SRG systems are also compatible with historical buildings and
monuments.

The main applications of FRCM and SRG systems are in the following areas:

• Restoration of historical buildings and particularly the reinforcement of masonry
structures such as walls, arches, vaults, and domes. In this case it is important to
highlight that these systems are highly compatible with the historical masonries
also when there are frescoes on the opposite surface of application.

• Improvement of structures in seismic areas with increase of strength and duc-
tility of masonry and reinforced concrete elements.

• Reinforcement of tunnels and structures which need high fire resistance.

The fibres employed are obtained with carbon, glass, basalt grids, and steel
fabric with the following mechanical properties.
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• Carbon grid uni-bi directional C-NET (filament)

– Weight g/m2 100–170–200–220
– Elastic modulus GPa 240
– Tensile strength MPa >4500
– Strain at failure % >1.5

• AR Glass grid bidirectional G-NET (filament)

– Weight g/m2 120–250–320
– Elastic modulus GPa 65–74
– Tensile strength MPa >3000
– Strain at failure % >3

• Basalt grid bidirectional B-NET (filament)

– Weight g/m2 250–350
– Elastic modulus GPa 90
– Tensile strength MPa >3200
– Strain at failure % >3

• Steel fabric UHTSS unidirectional STEEL NET
TYPE 150 190

– Weight g/m2 1528 1910
– Elastic modulus GPa 190 190
– Tensile strength MPa 3345 3345
– Strain at failure % >2.2 >2.2

The following inorganic matrices are technically approved and certified to be
used with carbon, glass, and basalt grids and steel fabrics.

• CONCRETE ROCK W cementitious mortar with reactive nano compound
additives specific for low thickness, no-shrinking, sulphates resistant.

• CONCRETE ROCK V-V2 cementitious mortar, one or two components,
no-shrinking, with high resistance for concrete repair.

• LIMECRETE lime hydraulic mortar, with high resistance and adhesion to the
support for masonry and historical buildings.

• LIMECRETE FR lime hydraulic mortar for low thickness, with high resistance
and adhesion to the support for masonry and historical buildings.

FRCM Materials by Ruredil

The FRCM system patented by Ruredil worldwide features the following
advantages:

• high heat resistance: once the matrix has hardened, the system is not affected by
the outdoor temperature.
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• excellent reaction to fire: the system reacts in the same way as the substrate,
because the inorganic matrix maintains its properties up to a temperature of
550 °C, is not combustible, emits very little smoke and does release off
incandescent particles;

• high durability even under damp conditions.
• effective even if applied over a damp substrate: humidity promotes adhesion to

the hydraulic matrix, whereas it reduces the adhesion of inorganic resins to the
substrate;

• easy handling: inorganic matrix is prepared in the same way as any hydraulic
product;

• applicable even on rough, irregular surfaces: does not require preliminary
smoothing of the surface;

• applicable under a great variety of environmental conditions;
• non-toxicity of the matrices employed for workers and the environment: they

may in fact be considered similar to a traditional inorganic mortar.
• easy cleaning of utensils: water is sufficient, with no need for the solvents required

to clean off resins, which are harmful to human health and the environment.

This breakthrough technology has resulted in a product line that has obtained
certification from ICC Evaluation Services (ICC-ES) according to AC434-13
(2013). AC434-13 establishes guidelines for the necessary tests and calculations
required to receive a product research report from ICC-ES. Thus, this product can
now be accepted by code officials under Section 104.11.1 of the International
Building Code, which allows research reports to be used as a source of information
to show building code compliance of alternative materials. Example of applications
with PBO and Carbon FRCM materials by Ruredil are shown in Figs. 9.1 and 9.2,
respectively.

Fig. 9.1. Structural retrofitting of cooling towers with PBO-FRCM (by Ruredil): a Power plant
cooling tower. b and c application of the FRCM composite
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Mechanical Characterization of FRCM Systems:
Tensile Test

This section reports a summary of the experimental work, carried out at the
Politecnico di Milano and University of Padova, to characterize FRCM composites
in tension.

Finding a reliable and shared experimental procedure to test FRCM composites
in tension is of particular importance due to the great number of materials and
fibre-matrix combination available. The scientific literature reports several diffi-
culties in characterizing the performance of FRCM composite. Different test setups
have been used and, although some authors already proposed some recommenda-
tions, a shared test procedure has not been published yet (Hartig et al. 2012;
Häußler-Combe and Hartig 2007; Jesse et al. 2005, 2009). The response of FRCM
composites in tension may be influenced by: specimen production, dimensions, and
shape, and load application. Hartig et al. (2012) classified two types of load
application: “rigid load application” in which the main transfer mechanism between
specimen and clamping is adhesive tension and shear; and “soft clamping” with
friction load transfer allowing for gradual load application. There are different
procedures to analyse the deformations (Contamine et al. 2011): (a) displacements
of the clamps testing machine; (b) strain gauges, that could be inadequate in the

Fig. 9.2 Reconstruction and seismic retrofitting of the Cathedral Church of Noto (Italy) using
C-FRCM (by Ruredil): a The Cathedral (today) Noto, Siracusa Italy; b the collapse of the structure
due to earthquake; c and d reconstruction and seimic retrofitting of the arches of the main nave
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case of multi-cracking behaviour; (c) LVDT displacement transducers. The defor-
mations are measured using an extensometer which analyses a length equal to the
30 % of the total specimen length, and compared with the ratio between the dis-
placement of the tensile machine clamps and the length of the specimens.

The characteristic behaviour of FRCM materials under tension can be considered
tri-linear. The first branch represents the uncracked state, where the slope of the
stress–strain curve reflects the elastic modulus of the matrix. The second branch
corresponds to the crack-formation: in this state several cracks gradually form due
to the increase in the tensile stress applied. The length and smoothness of this
portion of the curve depend on the quality of the bond between the fibres and matrix
and the volume proportion of fibres in the composite activated by load transfer. The
third branch represents the crack-widening. In this region only few new cracks
appear and the existing cracks become wider. The specimen fails when the tensile
strength of the fibres is reached. In the third region the slope reflects the elastic
modulus of the dry fibres. Figure 9.3 shows the different phases of the stress-strain
curve, the cracking of the specimens, and the failure mode.

The main parameters that could be analysed are:

• tensile stress and strain in the transition point between two phases (point T1 and
T2), σT1, σT2, εT1, εT2

• elastic modulus of the three phases, E1, E2, E3

• ultimate tensile stress and strain, εu, σu

In the first phase, the tensile stress is calculated by dividing the applied load by
the area of the FRCM coupon in order to compare the elastic modulus with the one
of the mortar, and the stress (σT1) of the uncracked mortar with the maximum
tensile stress of the mortar. In the third phase, the elastic modulus and the maximum
stress are computed with respect to the area of the longitudinal fibres.

Strain
St

re
ss

Fig. 9.3 Stress–strain
behavior of a FRCM
composite subject to tensile
test
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Characteristic Behavior of FRCM Materials Under Tension
(Politecnico di Milano)

Test results of tensile tests herein presented were defined in accordance with AC434
(2013) and the acceptance criteria for FRCM composites outlined in the draft of the
Italian guidelines, which are yet to be published.

Tensile coupons are usually made in a flat mold by applying a first layer of
cementitious mortar (approximately 4–5 mm), a layer of the fibre mesh which is
evenly wetted with the fresh material, and a second layer of the cementitious
mortar. The coupons should be cured for 28 days. The dimensions of the tensile
coupons were 400 mm (length) � 40 mm (width) � 10 mm (thickness) (Fig. 9.4).
During the curing phase attention should be paid to the possibility that some
micro-cracks develop due to non-homogeneous shrinkage. Micro-cracking, a
non-perfect planarity in the sample, and a non-constant thickness could have great
influence on the test results.

At the ends of the samples FRP tabs of glass or carbon fibres were bonded in
order to have a good stress distribution during the test and to avoid damages in the
sample. Three different FRCM materials are presented as an example of material
characterization via tensile test: FRCM with a mesh in poliparaphenylene benz-
obisoxazole fibres (PBO-FRCM), a mesh in carbon fibres (C-FRCM) and a mesh in
glass fibres (G-FRCM).

Tensile tests were carried out with a testingmachinewith capacity of 100 kN under
displacement control at an initial rate equal to 0.3 mm/min. The rate was increased to
0.5 mm/min after the first cracking phase. Axial strain was measured using an
extensometer with a gauge length (between 100 and 200mm) greater than 30% of the
total specimen length. The strain measured was then compared with the one obtained
by dividing the stroke of the testing machine by the length of the specimens.

The tensile tests on PBO-FRCM coupons were characterized by a tri-linear
behaviour; the results presented a large variability, in particular in the values cor-
responding to the point between the first and the second branch (T1) and between
the second and the third branch (T2). This phenomenon is due to the non-constant
dimension of the specimen section and to the first crack location with respect to the
extensometer. The results showed a similarity between the stress in the mortar at
point T1, when the first crack appeared (3.5 MPa), and the tensile strength of the
mortar defined by an indirect tensile test (4.7 MPa). The elastic modulus of the first
branch corresponded to the one of the mortar. The elastic modulus of the third
phase (218 GPa) was comparable with the elastic modulus of the dry PBO mesh
(216 GPa) obtained from a tensile test on dry PBO rovings.

Tensile tests on G-FRCM coupons were characterized by a tri-linear behaviour
in which it could be difficult to distinguish the second and third phase. The elastic
modulus of the last branch (57 GPa) could be compared with the elastic modulus of
the glass fibre grid (55 GPa).

In Fig. 9.5 a comparison between the results on the different materials is
shown (Carozzi and Poggi 2015).
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Fig. 9.4 a Specimens size. b Tensile test set-up

Fig. 9.5 Tensile tests results
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Tensile tests on C-FRCM showed a tri-linear behaviour. Slippage was observed
in many tests due to issues with bond and impregnation between the mortar and the
dry carbon fibres. For this reason the elastic modulus of the third phase (191 GPa)
could not be compared with the elastic modulus of the dry carbon textile (200 GPa).

Experimental Test to Characterize FRCM Composites
(University of Padova)

The test procedure suggested by Hartig et al. (2007) and Jesse et al. (2009) was
adopted by Pellegrino and D’Antino (2013) to characterize the overall behaviour of
two different FRCM composites. The results obtained are here briefly revisited and
commented on.

The specimens tested were comprised of a polymer-modified cementitious
matrix used to embed a carbon fibre net and a steel fibre net. The carbon fibre net
was comprised of longitudinal and transversal bundles with a width of approxi-
mately 5 mm each. The steel fibre net was comprised of longitudinal steel strands
with diameter of approximately 0.48 mm2 each, held together through a plastic fibre
net. The same cementitious matrix was used both the carbon and steel fibre nets.
The matrix was characterized in compression and bending according to the
European Standard UNI EN 1015-11 (2007). Nine matrix prisms with dimensions
40 mm � 40 mm � 160 mm were cast from the same batch used to cast the FRCM
tensile test specimens and were tested under bending and compression. The mean
value of the flexural strength was fflex ¼ 5:0 MPa whereas the mean value of the
compressive strength was fc;matrix ¼ 39:3 MPa. The mechanical characteristics of
the carbon net were provided by the manufacturer. The elastic modulus, tensile
strength, and tensile strain were Ef ¼ 240 GPa, ff ¼ 3800 MPa, and ef ¼ 0:015,
respectively. The steel fibres were mechanically characterized by means of tensile
tests. The indications of ASTM (1996) were used as base for the tests, which
provided an average value of the tensile strength ff ;sf ¼ 3350 MPa and a corre-
sponding ultimate strain of ef ;sf ¼ 0:0225.

Fig. 9.6 FRCM specimen, dimension in mm
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Twenty FRCM coupons, 10 with carbon fibres and 10 with steel fibres, were cast
and tested in tension. The specimens were comprised of a fibre net ply embedded
between two matrix layers that form a matrix prism (coupon) 490 mm long, 60 mm
wide and 10 mm thick (Fig. 9.6).

In order to reduce the matrix roughness and avoid possible stress concentration,
a thin layer of gypsum was applied at the ends of each specimen for a length
approximately equal to 100 mm. Two steel plates, bolted together to assure uniform
pressure on the clamped area of the specimen, were used to grip both ends.
According to Hartig et al. (2012) a rubber layer was placed between the gypsum
and the steel plates to avoid any possible local stress concentrations at the ends of
the specimen. A DD1 strain transducer (gauge length = 100 mm) was applied at the
centre of the specimen, and a load cell was used to record the load history.

The tests performed on carbon FRCM specimens did not provide significant
results. Once the applied load reached the matrix tensile strength in one or more
sections, the matrix cracked and the embedded fibres slid within the matrix without
any increase of the tensile force (Fig. 9.7).

Although setup modifications were attempted in order to obtain a more effective
clamping without inducing stress concentration, better results were not obtained.
The failure mode observed may suggest that the length of clamping has to be
properly designed but also that the surface treatment of the carbon fibres was not
appropriate for this applications. Carbon fibres appeared smooth and clean after
failure (Fig. 9.7), and this circumstance could indicate low bond properties between
the fibres and the matrix. The results obtained from these tests indicate that the
clamping system has to be properly designed and the surface treatment of the fibres
has to be taken into account.

Steel fibres showed better adhesion to the cement-based matrix leading to good
results, though complete failure of the composite due to steel rupture was not
always reached. The opening of several transversal cracks in the cementitious
matrix followed by the sudden failure of most of the steel strands was observed.
During the tests, longitudinal splitting phenomena were also observed (Fig. 9.8).

Fig. 9.7 Particulars of carbon FRCM specimens after failure
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This phenomenon can be due to the fact that, although the cementitious matrix and
the steel net have been properly designed for FRCM applications, steel strands were
very close to each other, and the matrix penetration through the fibres was probably
limited. This suggests that the spacing between strands has to be increased to
improve the tensile behaviour of the FRCM system. The average ultimate stress
obtained from these tests was 3290 MPa, which is very close to that obtained with
the tensile test on the bare fibres reported above. Although the results of the tests on
steel FRCM specimens were acceptable results in terms of ultimate load, the strain
transducer did not provide useful measurements since it was strongly disturbed by
matrix crack growth and propagation at different cross sections.

The test setup adopted does not seem to be suitable to characterize the FRCM
composites presented in this study since it did not provide any information on their
behaviour but was only able to find the ultimate load in case of steel FRCM
specimens. Further investigations are needed to find a reliable, repeatable, and
effective experimental test setup to characterized FRCM composites.

Analysis of the FRCM-Concrete Bond Behaviour

This section report the main results of an extensive experimental campaign carried
out on FRCM-concrete joints to study the stress-transfer mechanism between the
concrete support and the strengthening composite. The FRCM employed was
comprised of a polyparaphenylene benzobisoxazole (PBO) fibre net embedded
within a polymer-modified cementitious matrix. The parameters varied were the
composite bonded length and bonded width. In addition, strain gauges were applied
to the fibre net to study the stress-transfer mechanism. The PBO FRCM-concrete
joints showed in this section were tested using a single-lap direct-shear test set-up.

Fig. 9.8 Cracking, splitting
and failure of the steel FRCM
specimens
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Results on PBO FRCM-concrete joints tested using a double-lap direct-shear test
set-up can be found in Sneed et al. (2015).

Test Set-up and Material Characteristics

Eighty-two FRCM-concrete joint specimens, herein presented, were tested using
the single-lap direct-shear test set-up. The classical push-pull configuration was
adopted where the fibres were pulled while the concrete prism was restrained
(Smith and Teng 2002; Subramaniam et al. 2007, 2011; Carloni and Subramaniam
2012; Carloni et al. 2013; D’Antino et al. 2013, 2014). Two different concrete
prisms were used, both had the same cross Section (125 mm width � 125 mm
depth), but different lengths (L = 375 mm or L = 510 mm). The faces of the concrete
blocks were sandblasted prior to applying the first (internal) layer of matrix. The
nominal width b� and average thickness t� of one longitudinal fibre bundle were 5
and 0.092 mm, respectively. The matrix was applied only in the bonded area to
embed the fibres and bond the composite to the concrete substrate (Fig. 9.9). Fibres
were bare outside the bonded area. A single layer of PBO fibre net was applied onto
the internal matrix layer and the transversal fibre bundles, which were all on one
side of the longitudinal fibre bundles, were placed against the internal layer of
matrix for some specimens. A second (external) 4 mm layer of matrix was applied
over the PBO fibre net. The matrix layers had a thickness of 4 mm each as per the
manufacturer’s recommendations. The bonded width (b1) and length (‘) of the
composite were varied. Two aluminium plates (Fig. 9.9) were attached with a
thermosetting epoxy to the end of the fibre strip to improve gripping during testing.

The concrete prism was restrained against movement by a steel frame bolted to
the testing machine base. The direct-shear tests were conducted under displacement
control using a close-loop servo-hydraulic universal testing machine. Two linear
variable displacement transducers (LVDTs) were mounted on the concrete surface

Fig. 9.9 Single-lap
direct-shear test set-up
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close to the edge of the composite bonded region. The LVDTs reacted off of a thin
aluminium X shaped bent plate that was attached to the PBO transversal fibre
bundle surface adjacent to the beginning of the bonded area (Fig. 9.9). The average
of the two LVDT measurements, defined as the global slip g, was used to control
the test with a constant rate of 0.00084 mm/s. The readings of the two LVDTs can
be also used to study the distribution of the applied load among the width of the
composite (Carloni et al. 2014). The applied load is termed P in this section.

From the same batch used to cast the concrete prisms, twelve (6 + 6)
100 mm × 200 mm cylinders were cast. Their average compressive strength (ASTM
2011a) and splitting tensile strength (ASTM 2011b) were 42.5 MPa (CoV = 0.013)
and 3.4 MPa (CoV = 0.113) for the shorter blocks (L = 375 mm), and 33.5 MPa
(CoV = 0.085) and 3.0 MPa (CoV = 0.042) for the longer blocks (L = 510 mm). At
least two 50 mm � 100 mm cylinders were cast from each batch of matrix used to
cast the FRCM composite. The average compressive (ASTM 2011a) and splitting
tensile strengths (ASTM 2011b) of the matrix were 28.4 MPa (CoV = 0.092) and
3.5 MPa (CoV = 0.231), respectively. The bare PBO fibres were tested in tension as
prescribed in ASTM (1996). The average measured tensile strength, ultimate strain,
and elastic modulus were 3014 MPa (CoV = 0.068), 0.0145 (CoV = 0.104), and
206 GPa (CoV = 0.065), respectively.

Experimental Tests

The direct-shear test specimens were named following the notation
DS_X_Y_S_D_ZT, where X = bonded length (‘) in mm, Y = bonded width (b1) in
mm, S (if present) indicates that strain gauges were mounted on the specimen, D (if
present) denotes that the specimen was tested until a constant load at the end of the
test was measured, and Z = specimen number (Table 9.1). A superscript T after Z
indicates that the fibre net was oriented with the transversal fibre bundles directly
against the matrix internal layer. The peak load P� of each specimens tested is
reported in Table 9.1.

In order to compare specimens with different bonded widths, the ultimate stress
r� is introduced in Eq. (9.1):

r� ¼ P�

nt�b�
ð9:1Þ

where n is the number of longitudinal bundles.
All specimens reported in Table 9.1 failed due to debonding of the fibres within

the embedding matrix. The debonding was associated with considerable slip of the
fibres. For this reason, once the debonding initiates, the applied load is due to both
the residual bond and the friction between fibres and matrix and between fibre
filaments. When the fibres are completely debonded the applied load, which is due
only to friction, remains constant ad the global slip increases. As an example, the
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load responses of specimen DS_330_60_D_5, DS_330_80_D_1, and
DS_450_60_D_1 are reported in Fig. 9.10.

It should be noted that some specimens, not reported in Table 9.1, failed due to
fibre rupture outside the bonded area caused by the non-uniform distribution of the
load among the different longitudinal bundles (D’Antino et al. 2014).

Effect of the Bonded Width

The effect of the bonded width on the behaviour of FRCM-concrete joints was
investigated by comparing the ultimate stress r� with different composite bonded

Table 9.1 Specimen tested in D’Antino et al. (2014)

Name P�(kN) Name P�(kN) Name P�(kN)

DS_100_34_1T 1.92 DS_330_34_1T 3.00 DS_330_80_2 8.84

DS_100_34_2T 0.97 DS_330_34_2T 3.51 DS_330_80_3 8.28

DS_100_34_3T 1.62 DS_330_34_7 4.07 DS_330_80_D_1 8.90

DS_100_60_1 3.69 DS_330_34_8 4.02 DS_330_80_D_2 8.68

DS_100_60_2 3.83 DS_330_34_9 3.44 DS_330_80_D_3 8.90

DS_100_60_3 3.77 DS_330_43_1T 4.43 DS_330_80_D_4 8.42

DS_150_34_1T 2.22 DS_330_43_2T 5.25 DS_330_80_D_5 8.58

DS_150_34_2T 1.55 DS_330_43_3 5.27 DS_450_34_1 3.77

DS_150_34_3T 2.87 DS_330_43_5 4.79 DS_450_34_2 3.85

DS_150_34_4T 2.34 DS_330_43_6 5.09 DS_450_34_3 3.97

DS_150_60_1 5.25 DS_330_43_S_1T 4.48 DS_450_60_1 6.40

DS_150_60_2 5.04 DS_330_43_S_2T 5.12 DS_450_60_2 6.34

DS_150_60_3 3.05 DS_330_43_S_3T 3.03 DS_450_60_3 6.44

DS_200_34_1 3.05 DS_330_43_S_5 4.03 DS_450_60_4 5.77

DS_200_34_2 2.52 DS_330_60_1T 7.05 DS_450_60_5 6.51

DS_200_34_3 3.44 DS_330_60_2T 6.56 DS_450_60_6 6.79

DS_200_60_2 5.66 DS_330_60_3T 6.06 DS_450_60_7 6.65

DS_200_60_3 5.44 DS_330_60_4T 6.50 DS_450_60_D_1 7.01

DS_200_60_4 6.58 DS_330_60_5T 6.28 DS_450_60_D_2 6.67

DS_250_34_1T 2.61 DS_330_60_6 7.01 DS_450_60_D_3 7.33

DS_250_34_2T 2.11 DS_330_60_D_1 8.29 DS_450_60_S_1 6.63

DS_250_34_3T 2.82 DS_330_60_D_2 7.12 DS_450_80_1 8.62

DS_250_34_4 3.21 DS_330_60_D_3 6.56 DS_450_80_2 9.07

DS_250_34_5 2.89 DS_330_60_D_4 5.24 DS_450_80_3 9.32

DS_250_34_6 3.61 DS_330_60_D_5 6.69 DS_450_80_4 8.86

DS_250_60_1 6.68 DS_330_60_S_1 6.30 DS_450_80_5 10.04

DS_250_60_2 6.17 DS_330_60_S_2 7.31

DS_250_60_3 5.70 DS_330_80_1 8.47
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widths (b1) for the test specimens with a bonded length ‘ = 330 mm. Figure 9.11
reports the variation of the r� for different widths in case of the direct-shear tests
(DS_330 Series) and of the bare fibre tensile test (PBO Series). For each width the
average value of the ultimate stress is reported with a black filled marker. The
average values of the ultimate stress for all tensile tests and all single-lap shear tests
plotted in Fig. 9.11 are reported with dashed lines. Although it is possible that a
width effect exists considering a single bundle of fibres (Banholzer 2004), Fig. 9.11
suggests that a global width effect does not exist among multiple bundles and
therefore for the entire width of the composite.

Fig. 9.10 Applied load P�

versus global slip g plot for
specimens DS_330_60_D_5,
DS_330_80_D_1, and
DS_450_60_D_1

Fig. 9.11 Comparison of the
ultimate stress r� versus
bonded width b1 for single-lap
direct-shear tests (DS_330
Series) and tensile tests (PBO
Series)
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Strain Measurements

Nine specimens were instrumented with strain gauges applied directly to the central
fiber bundle along the bonded length and to the central and edge fiber bundles
outside the bonded area.

The axial strain profiles corresponding to different stages of the load response of
specimen DS_330_43_S_5 are plotted in Fig. 9.12. The reference system is shown
in Fig. 9.9. The load response of DS_330_43_S_5 is plotted in Fig. 9.13 to show
the points corresponding to the strain profiles.

The strain profiles of Fig. 9.12 are similar to those obtained from direct-shear
tests of the FRP-concrete interface (Carloni and Subramaniam 2012; Pellegrino
et al. 2008), which suggests that a cohesive material interfacial law can be obtained
for FRCM-concrete joints. In this study, the strain profiles obtained experimentally
will be approximated by Eq. (9.2) (Carloni and Subramaniam 2012):

Fig. 9.12 Axial strain profile
of specimen DS_330_43_S_5

Fig. 9.13 Load response of
specimen DS_330_43_S_5
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eyy ¼ e0 þ aþ ky

1þ e�
y�y0
b

ð9:2Þ

where e0, a, b, and y0 are determined using nonlinear regression analysis of the
strains, whereas k is a coefficient that takes into account the presence of friction
(D’Antino et al. 2014).

The strain profiles and the corresponding fitting curves based on Eq. (9.2) are
shown in Fig. 9.14. The curves correspond to points I5 and M5 in the load response
(see Fig. 9.13). The points were chosen in the region of the load response where the
debonding initiated and friction between fibers and matrix is not present yet.

The fitting curves can potentially be used to obtain the effective bond length and
the cohesive material law τzy-s, which relates the interfacial shear stress and the
relative slip between the fibres and the matrix at any point along the bonded length.
The shear stress can be determined from the gradient of the deformation
(Subramaniam et al. 2007) while the slip can be determined by integration of εyy.
The strain analysis carried out on the specimens equipped with strain gauges
showed that an effective bond length, i.e. the minimum length needed to fully
establish the stress-transfer mechanism (Subramaniam et al. 2011), exists. Provided
that the friction between fibres and matrix and between fibre filaments is clearly
identified, the strain profiles corresponding to the debonding load were analysed
providing a value of the effective bond length leff of approximately 260 mm.

Strain gauges were also applied on the longitudinal fiber bundles of PBO
FRCM-concrete joints where the external layer of matrix was omitted. Results were
used to investigate the role of the internal and external matrix layer in the
fiber-matrix stress-transfer mechanism (Carloni et al. 2014).
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Fig. 9.14 Strain profiles and
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Effect of the Bonded Length

Figure 9.15 shows the average of the ultimate stress r� for each bonded width tested
as a function of the bonded length ‘ for the tests herein presented. Three different
bonded widths, namely 34 mm (n = 4), 60 mm (n = 7), and 80 mm (n = 9) are
considered. The results of the double-lap shear tests published by D’Ambrisi et al.
(2012, 2013b, c) are included for comparison in terms of the average of the ultimate
stress r� for each bonded width. The results of Fig. 9.15 show that the ultimate
stress r� increases as the bonded length ‘ increases up to a value equal to 450 mm.
However, the ultimate stress appears to increase linearly when the bonded length is
greater than 250 mm, confirming the existence of the effective bond length leff . The
increase of the applied load when ‘[ leff is due to the friction between fibres and
matrix and between fibre filaments.

Final Remarks on the Bond Behaviour for PBO-FRCM
Composites

The results of single-lap direct-shear tests conducted on PBO FRCM-concrete
indicate that the failure is characterized by debonding of the fibre within the
embedding matrix. After the onset of debonding, the applied load is due both to the
residual bond and the friction between matrix and fibres and between fibre fila-
ments. The analysis of the peak stress for specimens with the same bonded length
but different bonded width showed that, although a width effect within the single
bundle can be recognized, a global width effect does not exist among multiple
bundles and therefore for the entire width of the composite. Finally, the strain
profiles along the bonded length in the load direction allowed for determining the
value of the effective bond length.
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Flexural Strengthening

This section provides an overview on the use of FRCM materials for flexural
strengthening of RC structures. Experimental works are presented and discussed.

Introduction

The mechanical effectiveness of FRCM materials is strongly influenced by the bond
between single fibers and matrix (Badanoiu and Holmgren 2003; Banholzer 2004;
Banholzer et al. 2006; Hartig et al. 2008; Häuβler-Combe and Hartig 2007; Hegger
et al. 2006; Zastrau et al. 2008), which in turn is related to the matrix capacity of
wetting single filaments (Badanoiu and Holmgren 2003; Banholzer 2004;
Banholzer et al. 2006; Hartig et al. 2008; Häuβler-Combe and Hartig 2007; Hegger
et al. 2006; Zastrau et al. 2008), the bond between external fibers, directly in contact
with the matrix, and internal fibers (Badanoiu and Holmgren 2003; Hartig et al.
2008; Häuβler-Combe and Hartig 2007), the contribution of joints between lon-
gitudinal and transverse fibers (Soranakom and Mobasher 2009; Peled et al. 2008),
and the cracking of the cement based matrix (Curbach et al. 2006; Ortlepp et al.
2004, 2006). Moreover, the matrix moderate capacity to penetrate into the free
spaces among the fibers and the poor shear transfer among the single filaments can
cause non uniformity of tensile stress in fibers of a roving and consequent fibers
telescopic failure (Banholzer 2004; Banholzer et al. 2006; Hartig et al. 2008;
Häuβler-Combe and Hartig 2007; Hegger et al. 2006; Zastrau et al. 2008). In
addition to these peculiarities, which are related to the characteristics of the FRCM
system itself, in the case of FRCM materials used for the external strengthening of
RC elements the strengthening effectiveness is also affected by bond between the
cement-based matrix and the concrete substrate (Curbach et al. 2006; Ortlepp et al.
2004, 2006) and by the strength of the RC concrete substrate (Brückner et al. 2006;
Curbach et al. 2006; Ortlepp et al. 2004, 2006). All these phenomena depend on the
type, the surface treatment, and the geometrical arrangement of fibres, on the
composition and grain fineness of the matrix, on the quality and the surface
treatment of the concrete substrate. The shape of the fabric is of great importance
(Curbach et al. 2006; Ortlepp et al. 2004, 2006) as the embedding of the rovings is
ensured by the free spaces present in between the bundles because of the moderate
cement based matrix capacity to impregnate single fibres due to its granularity. For
this reason the surface of the matrix/roving interface should be maximized, e.g. by
reducing the rovings dimension and simultaneously increasing the number of
rovings, (Badanoiu and Holmgren 2003). Moreover, the presence of the fabric itself
reduces the capacity of the matrix to transfer shear and tensile stresses through the
thickness of the composite due to the surface reduction (Ortlepp et al. 2004, 2006).
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Literature Review

Experimental and theoretical research works show that FRCM materials can be
used effectively for the flexural strengthening of RC structures. Nevertheless, the
comparison of results published by different researchers is difficult because of the
differences in materials considered and test methods employed. FRCM systems
comprised of different types of fibers, namely carbon, PBO, AR glass, steel, and
basalt fibers, and different matrices have been considered by researchers for flexural
strengthening applications of RC beams and slabs. In particular, carbon fibers were
considered by Hashemi and Al-Mahaidi (2012a, b), Wiberg (2003), Pareek et al.
(2007), Triantafillou (2010) and Täljsten and Blanksvärd (2007), PBO fibers were
considered by Ombres (2009, 2011, 2012), and Bisby et al. (2009), basalt fibers
were considered by Elsanadedy et al. (2013), and AR glass fibers were considered
by Brückner et al. (2006). A comparison of FRCM systems with different types of
fibers are reported in the works of Weiland et al. (2006) (AR glass vs. carbon),
D’Ambrisi and Focacci (2011) (PBO vs. carbon) and Pellegrino and D’Antino
(2013) (carbon vs. steel). In almost all of the aforementioned papers (Täljsten and
Blanksvärd 2007; Pareek et al. 2007; Hashemi and Al-Mahaidi 2012a, b; Ombres
et al. 2009; Bisby et al. 2009; Elsanadedy et al. 2013; D’Ambrisi and Focacci 2011;
Pellegrino and D’Antino 2013; Triantafillou 2010) the flexural behavior of FRCM
strengthened is compared with similar beams strengthened with FRP composites.
The comparison indicated a similar strengthening effectiveness for FRCM and FRP
composites, although in the most cases the FRP composites appear to be more
effective than the FRCM composites when the same fibre cross section is consid-
ered. This fact is due to the better fibre impregnation by the epoxy resin, when
compared to the cement-based mortar, which induces a uniform tensile stress
among the fibres of the bundle.

FRCM materials have been used in several strengthening applications. Some
applications are described in ACI (2013); the design criteria adopted for the
FRCM-strengthening of a railway bridge are described in D’Ambrisi et al. (2013a,
2015).

Mechanical Effectiveness

The effectiveness of FRCM composites for flexural strengthening of RC beams is
usually evaluated performing four points bending tests of unstrengthened and
FRCM-strengthened RC beams (Fig. 9.16). Load deflection curves of unstrengthened
and FRCMstrengthened beams are compared in terms ofmaximum load and stiffness.

Referring to Fig. 9.16, experimental results available in the technical literature
are relative to beams with ratio H/B ranging between 0.4 and 1.8 (prestressed beams
and slabs are excluded) and ratio L1/L ranging between 0.3 and 0.42. A very wide
range can be observed in the ratio ρf = Af/Ac where Af is the fiber cross-sectional
area and Ac is the gross concrete cross-sectional area: this parameter ranged
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between 0.018 and 0.587 %. The number of fibre layers ranged between 1 and 10
but 2, 3, and 4 layers are the most frequently adopted numbers of layers.

The percentage flexural capacity increase depends on the specimens shape and
the ratio between the area of steel and the area of fibers. The flexural capacity for
carbon-FRCM composites increased from 10 to 100 %. It should be observed that
the highest values correspond to the adoption of polymer-coated carbon fibre grid
bonded to the concrete substrate with a cement based mortar (Täljsten and
Blanksvärd 2007; Pareek et al. 2007). In the cases of dry fibres the flexural capacity
increase typically ranged between 15 and 45 % with the application of 1–4 layers of
fabric (Fig. 9.17).

In the case of PBO fibres the flexural capacity increase ranged between 15 and
150 %; typical values are around 20–50 % with the adoption of 1–4 layers of fabric
(Fig. 9.18). In the case of steel fibres an increase of 24 %was found by Pellegrino and
D’Antino (2013) in their experimental work on precast prestressed beams (Fig. 9.19).

Finally, in the case of basalt fibres a flexural capacity increase between 40 and
100 % was found in the experimental work of Elsanadedy et al. (2013) with the
adoption of 5–10 fabric layers (Fig. 9.20).

B = 140 mm, H = 260 mm, As = 339 mm2,
Af = 28.2 mm2, L = 2300 mm, L1 = 700 mm.
ESF: epoxy resin, MTF: cementitious mortar. 

B = 150 mm, H = 250 mm, As = 226 mm2,
Af = 22.6 mm2, n = 4, L = 2000 mm, L1 = 750 mm.
R4_fl: epoxy resin, M4_fl: cementitious mortar.

(b)(a)

Fig. 9.17 Experimental results of carbon FRCM strengthened RC beams obtained by a Hashemi
and Al-Mahaidi (2012a, b) and b Triantafillou (2010); As is the cross-sectional area of steel rebar in
tension

F B

H

L

L1 L1L2 FRCM, 
n layers

Af: fiber cross section

Fig. 9.16 Typical test setup for FRCM strengthened beams
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Failure Modes

The majority of the FRCM strengthened beams tested by the aforementioned
authors failed due to the loss of composite action related to the debonding of the
strengthening material from the supporting concrete. In FRC-strengthened beams
the debonding can occur: at the matrix-fibre interface, at the matrix-concrete
interface, and within the concrete. Depending on the type of fibres and matrix,

B = 150 mm, H = 240 mm, As = 157 mm2,
Af = 6.75 mm2/layer, L = 2700 mm, L1 = 900 mm.
S2-T1-P1: 1 layer; S2-T1-P2: 2 layers; S2-T1-P3: 
3 layers. 

B = 400 mm, H = 250 mm, As = 462 mm2,
Af = 18.0 mm2/layer, L = 2200 mm, L1 = 750 mm.

3 layers
2 layers
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Unstrengthened

η

4 layers

(b)(a)

Fig. 9.18 Experimental results of PBO FRCM strengthened RC beams obtained by a Ombres
(2011) and b D’Ambrisi and Focacci (2011); As is the cross sectional area of steel rebar in tension

L = 10 m; L1 = 3588 mm;

TT00: unstrengthened; TT cl: FRP strengthened with pultruded laminate (Af = 168 mm2, n = 1);

TTcf: carbon FRCM strengthened (Af = 70.2 mm2, n = 1);

TTsf: steel FRCM strengthened (Af = 134.2 mm2, n = 1). 

Fig. 9.19 Experimental results of prestressed concrete beams strengthened with carbon and steel
FRCM composites (Pellegrino and D’Antino 2013)
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different flexural debonding failure modes can be identified (D’Ambrisi and Focacci
2011), as schematically shown in Fig. 9.21.

Referring to Fig. 9.21, the failure modes reported in the literature are:

(a) Debonding of fibres from the matrix with high matrix-fibre slips (up to 1–
2 mm) in the maximum bending moment region (Fig. 9.21a); this mode is
typical for FRCM composites with dry carbon fibres embedded in a

B = 150 mm, H = 200 mm, As = 157 mm2, 
Af = 9.6 mm2/layer, L = 2000 mm, L1 = 800 mm 

Fig. 9.20 Experimental results RC beams strengthened with basalt FRCM (Elsanadedy et al.
2013)
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cement-based matrix; although it has been also observed in a few cases with
dry PBO fibres embedded in a cement-based matrix. During the matrix-fibres
slip, the total force carried by fibres gradually decreases due to the gradual
rupture of the fibres, eventually damaged by friction (Badanoiu and Holmgren
2003; Banholzer 2004; Banholzer et al. 2006; Häuβler-Combe and Hartig
2007; Zastrau et al. 2008). This type of debonding essentially involves the
matrix-fibre and the fibre–fibre bond surfaces and it is not affected by the
mechanical properties of the concrete substrate.

(b) Delamination with fracture surface within the matrix, preceded by consider-
able matrix-fibre slips (Fig. 9.21b); this failure mode has been observed in
several beams strengthened with dry PBO fibres embedded in a cement-based
matrix. It is essentially related by the matrix-fibre bond and the matrix tensile
and shear strengths, while it is not affected by the mechanical properties of the
supporting concrete.

(c) Deboning at the matrix-concrete interface, (Fig. 9.21c); this very brittle mode
has been rarely observed and can generally be avoided with a proper prepa-
ration of the concrete surface before the application of the strengthening
material. It involves the matrix-concrete bond.

(d) Debonding of the strengthening material with fracture surface within the
concrete (a thin layer of concrete remains attached to the debonded
strengthening material) (Fig. 9.21d). This very brittle mode has been rarely
observed for FRCM strengthening systems. It is typical for FRP strengthened
beams and essentially involves the mechanical properties of the supporting
concrete.

The aforementioned debonding mechanisms are consistent with those described
in (Ortlepp et al. 2004, 2006), D’Ambrisi et al. (2012, 2013a, b) and Carloni et al.
(2013) for the case of simple or double shear tests.

Figure 9.22 shows the schematic shape of load-deflection diagrams of FRCM
flexurally strengthened RC beams. After the steel bars yield (point A), the slope of
the strengthened beams diagrams is related to the axial stiffness of the intrados
strengthening material. In this phase small matrix-fibre slips occur locally at the

Load

Deflections

(c), (d)

Unstrengthened

Strengthened, perfect bond
(plane cross sections)

large slips

matrix
delamination

A

(b)

(a)

Fig. 9.22 Typical
load-deflection curves of
FRCM strengthened RC
beams
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main flexural crack locations; nevertheless, the assumption of plane cross sections,
including the strengthening material, allows for a good prediction of the experi-
mental results. The post-yielding branch of the load-deflection diagram continues
up to the loss of the strengthening action.

The loss of strengthening action can be sudden or more gradual, depending on
the failure mode (a), (b), (c) or (d) (Fig. 9.21), corresponding to the schematic
descending branches (a), (b), (c) or (d) of the load-deflection diagrams reported in
Fig. 9.22.

The analytical prevision of the failure load requires the preliminary determina-
tion of the expected debonding failure mode among the four described above. This
is not a simple task because it requires the determination of the hierarchy among the
strengths related to the different bond failure surfaces. The hierarchy, in turn,
depends on the type of fibres, type of matrix, fibres arrangement in the fabric,
mechanical properties of matrix, and supporting concrete. Moreover, the strength
hierarchy could also depend on the adopted number of fabric layers.

The important role played by the matrix-fibre bond induced several researchers
(Hashemi and Al-Mahaidi 2008; Täljsten and Blanksvärd 2007; Elsanadedy et al.
2013; D’Ambrisi and Focacci 2011) to test different matrix compositions
(Fig. 9.23). Figure 9.20 shows the results published by Elsanadedy et al. 2013
regarding a comparison between the performances of a cementitious mortar and a
polymer modified cementitious mortar. These results confirm that, for a given fibre
fabric, the strengthening effect drastically change with the adoption of different
cement-based matrices.

The effect of end mechanical anchors applied to the flexural strengthening
FRCM material was experimentally investigated by Hashemi and Al-Mahaidi

Carbon fibers. Af = 0, L = 750 mm.
OCS: ordinary Portland cement - sheet.
OSS: silica fume incorporated – sheet.
OLS: polymer-modified mortar – sheet.
MSS: micro cement added to OC mortar – sheet.
OST: silica fume incorporated – textile.

PBO fibers. B = 400 mm, H = 250 mm,
As = 462 mm2, Af = 36 mm2,
L = 2200 mm, L1 = 750 mm.

2 layers – matrix M50
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0

2 layers – matrix M750
Unstrengthened

F η

Unstrengthened

(b)(a)

Fig. 9.23 Effect of the matrix composition: experimental results of FRCM strengthened RC
beams obtained by a Hashemi and Al-Mahaidi (2008) and b D’Ambrisi and Focacci (2011)
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(2012a, b). Their results are sumarized in Fig. 9.24, where it can be observed that
this type of devices can effectively increase the FRCM debonding load.

Design Considerations

As described in the previous section, in the case of FRCM external strengthening of
RC elements the bond stress transfer is a very complex phenomenon depending on
type, surface treatment, geometrical arrangement of fibres, composition and grain
fineness of the matrix, and on quality and surface treatment of the concrete. Despite
this complexity, all the proposed design approaches (ACI 2013; Wiberg 2003;
Curbach et al. 2006; Brückner et al. 2006;Ombres et al. 2009;Ombres 2011) are based
on the assumption (Bernoulli) that cross sections remain plane during the deformation
up to theflexural capacity (Fig. 9.25). The presence of the FRCM layer(s) is accounted
for by introducing an additional term to the equations usually employed for un-
strengthened RC elements. In a real application the FRCMmaterial is applied when a
preexisting tensile strain ε0 exists (Fig. 9.25) in the concrete surface where the
strengthening material is applied on, due to the dead loads. This approach requires the
definition of the maximum tensile strain εfe attained by the fibres, called effective
strain. Since the experimental works show that the failure of FRCM strengthened

Carbon fibers. B = 140 mm, H = 260 mm,
As = 339 mm2, Af = 28.2 mm2, n = 2;
L = 2300 mm, L1 = 700 mm.
ESF: epoxy resin, MTF: cementitious mortar 
without connectors, MSR: cementations mortar 
with end connectors.

Carbon fibers. B = 120 mm, H = 180 mm,
As = 226 mm2, Af = 30 mm2,
L = 1300 mm, L1 = 550 mm.
EFF: epoxy resin, MTF: cementitious mortar 
without connectors, MTR: cementations mortar 
with end connectors.

(a) (b)

Fig. 9.24 Effect of the end anchorage of FRCM strengthening materials: results obtained by
a Hashemi and Al-Mahaidi (2012a) and b Hashemi and Al-Mahaidi (2012b)
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beams is caused by the debonding (Fig. 9.21), the effective strain has to account for the
loss of bond.

Following the guidelines ACI (2013), the effective strain is experimentally
evaluated according to ICC (2013). Assuming that the member failure is reached
when the effective tensile strain εfe in the FRCM reinforcement is attained and that
the steel is yielded at failure, the flexural bending capacity is

MR ¼ B �
Zxn
0

rc vu � nð Þ � n dnþ As � fyd � d � xnð Þ þ Af Ef � efe � H � xnð Þ ð9:3Þ

where rc eð Þ is the concrete compressive constitutive law, As is the cross-sectional
area of the steel longitudinal reinforcement, Af is the fibre cross-sectional area, Ef is
the fibre elastic modulus. χu is the curvature at failure obtained as:

vu ¼
efe þ e0
H � xn

ð9:4Þ

The depth of neutral axis xn is given by the equation

B �
Zxn
0

rc vu � nð Þ � dn ¼ As � fy þ Af Ef � efe ð9:5Þ

In Eq. (9.4) ε0 is the tensile strain of the concrete surface where the FRCM
material is applied at the time of the FRCM application; the remaining symbols
adopted in Eqs. (9.1)–(9.5) are defined in Fig. 9.25. In the most cases the flexural
capacity can be approximated by

MR ¼ 0:9 � As � fy � d þ 0:9 � H � Af Ef � efe ð9:6Þ
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The application of this approach requires only the definition of the effective
strain of the fibres, which represents a strain limit globally accounting for the loss of
bond. Similar approaches are suggested in CNR (2004), FIB (2001) and ACI (2008)
for the case of flexural strengthening of RC structures with FRP composites. An
important difference between the cases of FRP and FRCM materials is related to the
type of debonding failure. In the case of flexural strengthening with FRP com-
posites, the debonding usually occurs within the concrete. Therefore the effective
strain εfe strongly depends on the concrete mechanical properties. In the case of
flexural strengthening with FRCM composites debonding can occur at different
bond surfaces, depending on the fibre type and arrangement, the type of matrix, and
the mechanical properties of the concrete substrate. Therefore, the effective strain
has to be evaluated for the particular FRCM material adopted. Since the most
frequently observed failure modes are cases (a) and (b) represented in Fig. 9.21, the
debonding strain should depend on the matrix-fiber interface properties and on the
matrix mechanical properties rather than on the concrete properties, at least for the
concrete substrates considered in the available literature.

Some of the cited experimental works (Hashemi and Al-Mahaidi 2012a, b;
Pareek et al. 2007; Pellegrino and D’Antino 2013; Ombres 2011; Elsanadedy et al.
2013) involved the direct measure of the fibres strain during the beams flexural
tests. In other cases this strain has been evaluated by means of finite element
(Hashemi and Al-Mahaidi 2012a, b; Elsanadedy et al. 2013) or analytical
(D’Ambrisi and Focacci 2011) investigations. The strain measured at the beams
failure are summarized in Fig. 9.26, versus the equivalent fibres thickness adopted
in the FRCM materials; only the results of those specimens that failed due to
debonding of the strengthening material are included in Fig. 9.26.

In order to include also an estimate of the maximum fibres strain reached during
the experimental work where a direct strain measure is not included, a simple
estimation is performed applying the equation

efe ¼ DMR

0:9 � H � Af Ef
ð9:7Þ

where ΔMR is the FRCM contribution to the failure bending moment, evaluated as

DMR ¼ DFR

2
� L1 ð9:8Þ

ΔFR is evaluated as shown in Fig. 9.27. It should be observed that Eq. (9.7) gives
a rough estimate of the maximum fibres strain because it considers the assumptions:
(i) the internal moment arm at failure is 0.9H and it does not depend on the
geometrical parameters of the cross section and on the mechanical properties of the
materials; (ii) the contribution of the steel reinforcement to the flexural capacity is
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the bending moment acting on the companion unstrengthened specimens at the
same deflection. Nevertheless this approach allows for simply estimating the
maximum fibres strain reached during the experimental tests. Moreover this esti-
mated strain value has to be regarded as an average value on the fibre cross section;
the phenomenon of the so-called telescopic failure, i.e. the successive fibre failure
layer by layer from the outer to the inner fibres, (Badanoiu and Holmgren 2003;
Banholzer et al. 2006; Häuβler-Combe and Hartig 2007; Hegger et al. 2006;
Zastrau et al. 2008) is not considered. However, the strain value is meaningful
under the assumption that the debonding phenomenon is only related to the fibre
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Fig. 9.27 Evaluation of efe based on the experimental results of Hashemi and Al-Mahaidi (2012b)

Fig. 9.26 Maximum fibres strain reached during the flexural tests of FRCM strengthened RC
beams
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local strain value. The experimental results reported in papers where a direct
measure of εfe is performed were used to compare the measured and the analytically
determined values of εfe. On average a difference of 17 % was found. As an
example, Fig. 9.27 shows the determination of εfe based on the results described in
Hashemi and Al-Mahaidi (2012a). In this case for the specimen MTF1 it results

DFR ¼ 26:95 kN ð9:9aÞ

DMR ¼ DFR

2
� L1 ¼ 7:41 kN ð9:9bÞ

Consequently

efe ¼ DMR

0:9 � H � Af Ef
¼ 7:62%� ð9:10Þ

where H ¼ 180 mm is the cross-section height, and Ef = 200 GPa and Af = 30 mm2

are the elastic modulus and cross section of the fibres, respectively. Similarly,
considering the specimen MTF2 the calculated value is εfe = 7.14. The measured
value reported by the authors of εfe is 7.65 ‰ for the specimens MTF.

The results represented in Fig. 9.26 are quite scattered both in the case of carbon
(black symbols) and in the case of PBO (red symbols) fibers. Moreover, a clear
dependence of the strain εfe on the fibres thickness cannot be observed. In the case
of carbon fibre the average value of εfe reported in Fig. 9.26 is 7.00 ‰ with a
standard deviation of 2.7‰ (coefficient of variation 0.37), while in the case of PBO
fibre the average value of εfe reported in Fig. 9.26 is 10.85 ‰ with a standard
deviation of 3.24 ‰ (coefficient of variation 0.30). In the cases of basalt and steel
fibres a smaller number of experimental results is currently available. The average
εfe for the basalt fibre is 15.05‰ while the only available value for the steel fibres is
7.1 ‰. Figure 9.28 shows the average fibres tensile stress at debonding, obtained
multiplying the strains of Fig. 9.26 by the elastic modulus of the fibres. In this case
the PBO fibres seems to be more effective due to the fibres elastic modulus
(270 GPa), which is higher than the carbon (200–240 GPa), the steel (205 GPa),
and the basalt (32 GPa) elastic moduli of the fibres.

The experimental results considered show that the debonding strain covers a
wide range depending on the specific FRCM material (type of fibres, type of
matrix, fibres/matrix coupling, and arrangement of fibres). It is therefore necessary
that the manufacturer of the strengthening material furnishes the proper param-
eters for the evaluation of the debonding strain. Moreover further research is
needed to assess mechanical models able to estabilish the correct bond strength
hierarchy among the bond strengths related to the different possible debonding
surfaces.

9 Fiber Reinforced Composites with Cementitious (Inorganic) Matrix 379



Confinement

Confinement is generally applied to members in compression to enhance their axial
load-carrying capacity, or to increase the deformation capacity of members sub-
jected to seismic loading. Fibre-reinforced cementitious matrix composites, simi-
larly to FRP, have an elastic behaviour and therefore exert an increasing confining
action up to failure. This results in: (a) increasing concrete compressive strength
and ultimate strain and (b) increasing the deformation capacity (ductility) of col-
umns under seismic loading.

Jacketing of RC columns in existing structures is an increasingly attractive
retrofit option. Among all jacketing techniques, the use of FRP has gained
increasing popularity, due to the favourable properties possessed by these materials.
However, certain problems associated with epoxy resins are still to be addressed.
A solution of great potential, involving the combination of textiles with
cement-based mortars for concrete confinement has been explored in very recent
studies. TRM jackets have been investigated experimentally for confinement of
plain or reinforced concrete and as a means of confining poorly detailed RC col-
umns with limited deformation capacity under seismic loads. Comparison with
FRP-retrofitted counterpart specimens allows for the evaluation of the effectiveness
of TRM versus FRP jackets.

Fig. 9.28 Maximum fibres stress reached during the flexural tests of FRCM strengthened RC
beams
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Behaviour of TRM-Confined Concrete in Axial Compression

Triantafillou et al. (2006) investigated experimentally for the first time the con-
finement effectiveness of various TRM jacketing schemes for plain concrete. That
investigation was carried out on: (1) cylindrical specimens with a diameter of
150 mm and a height of 300 mm; (2) short column-type specimens with a rect-
angular cross section of 250 × 250 mm and a height of 700 mm. The four corners of
all rectangular prisms were rounded at a radius equal to 15 mm. All specimens were
unreinforced, as the jacket-reinforcement interactions were outside the scope of that
study. Based on the response of confined cylinders, it was concluded that:
(1) textile-mortar confining jackets provide substantial gain in compressive strength
and deformability. This gain is higher as the number of confining layers increases
and depends on the tensile strength of the mortar, which determines whether failure
of the jacket will occur due to fibre fracture or debonding; (2) compared with their
resin-impregnated counterparts, mortar-impregnated textiles may result in reduced
effectiveness, in the order of approximately 80 % for strength and 50 % for ultimate
strain, for the specific mortar used in that study; and (3) failure of
mortar-impregnated textile jackets is less abrupt compared with that of their
resin-impregnated counterparts, due to the slowly progressing fracture of individual
fibre bundles. From the response of rectangular columns, it was concluded that
mortar-impregnated textile jackets are quite effective in confining columns of
rectangular cross sections for strength and axial deformability. In comparison with
their epoxy-based counterparts, mortar-impregnated textile jackets provide
approximately the same effectiveness in terms of strength and a slightly inferior one
in terms of ultimate strain.

Bournas et al. (2007) went one step further by investigating experimentally the
use of TRM jackets as a means of confining reinforced concrete. The experimental
program aimed to compare the effectiveness of TRM versus FRP jackets as a
measure of confining RC members. To examine this, 15 short RC prisms were
tested under concentric compression. Specimens had a 200 mm n 200 mm cross
section and a height of 380 mm. The prisms were divided in three series, with five
specimens each. The first series comprised specimens with no internal steel rein-
forcement (Series U). The prisms in the second and third series were reinforced
with four longitudinal 12 mm diameter bars placed at the corners of the cross
section and with 8 mm diameter stirrups (Fig. 9.29).

The main interest in that study as far as the steel reinforcement is concerned was
the spacing of stirrups. Hence, the second series comprised stirrups at a relatively
large spacing of 200 mm (Series s200), to emulate old detailing practices. And in
the last series (s100) the spacing was much smaller, equal to 100 mm, to represent
current detailing practices. Each of the three series was comprised five different
specimens: the control specimen (without wrapping), specimens wrapped with two
or three layers of FRP and specimens wrapped with four or six layers of TRM. Note
that the layers in the TRM-jacketed prisms were twice as many compared with their
FRP counterparts, resulting in two “equivalent” confining systems that is with equal
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stiffness and strength in the circumferential direction. The notation of specimens is
X_YN, where X refers to the internal steel reinforcement (U, s200, s100), Y
denotes the type of jacket (C for the unjacketed—control—prisms, R for
resin-based jackets and M for mortar-based jackets) and N denotes the number of
layers.

The stress–strain plots recorded for all specimens are given in Fig. 9.30. All plots
of the confined specimens are characterized by an ascending branch, followed by a
second one, close to linear, that drops at a point where the jacket fractured due to
hoop stresses (Fig. 9.31a); it is this point where peak stress and ultimate strain is
defined, except for the control (unjacketed) specimens, where ultimate strain is
defined conventionally at 15 % peak stress reduction. In some of the TRM-jacketed
prisms (s200_M4, s100_M6) fracture of the fibres was accompanied by debonding
at the end of the lap (Fig. 9.31b). In several occasions jacket rupture occurred
simultaneously with bar buckling. Hence, failure of the jackets was due to
stretching both by concrete dilation and by the outwards bending of the longitudinal
bars in the middle of the specimens (Fig. 9.31c). Another important aspect of the
response is that, contrary to FRP jackets, TRM jackets, did not fail abruptly since
TRM jackets fracture initiates from a limited number of fibre bundles (when the

Fig. 9.30 Stress–strain curves for specimens: a without reinforcement; b with stirrups at 200 mm;
c with stirrups at 100 mm (Bournas et al. 2007)
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Fig. 9.29 a Cross section of prisms. b Configuration of reinforcement. (Dimensions in mm).
(Bournas et al. 2007)
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hoop stresses reach their tensile capacity) and then propagates rather slowly in the
neighbouring bundles, resulting in a more ductile failure mechanism compared to
FRP.

Overall, the concentric compression tests performed by Bournas et al. (2007) on
RC prisms show that TRM confining jackets provide substantial gain in com-
pressive strength and ultimate strain; this gain increases with the volumetric ratio of
the TRM wrap. Compared with equal stiffness and strength FRP jackets, the TRM
jackets used in Bournas et al. (2007) are slightly less effective in terms of increasing
strength and deformation capacity by about 10 %. This reduction in effectiveness
did not seem to depend on the volumetric ratio of the embedded stirrup
reinforcement.

Behaviour of TRM-Confined Columns Under Cyclic Loading

More recently Bournas et al. (2009) investigated experimentally the use of TRM
jackets as a means of confining poorly detailed old-type RC columns, which suffer
from limited deformation capacity under seismic loads due to either buckling of the
longitudinal bars or bond failure at lap splice regions. A total of 10 large-scale
old-type RC columns were tested under cyclic uniaxial flexure with constant axial
load (Fig. 9.32a). In Bournas et al. (2009) four specimens were constructed with
continuous longitudinal reinforcement (Series L0). One specimen was tested
without retrofitting, as control (L0_C), the second one was retrofitted with a
double-layered CFRP jacket (specimen L0_R2), the third one was retrofitted with
an equal (to its FRP counterpart) stiffness and strength carbon fibre TRM jacket
comprising four layers (specimen L0_M4), and the last specimen was retrofitted

Fig. 9.31 a Fracture of jacket. b Debonding at the end of the lap. c Buckling of bar at corner
(Bournas et al. 2007)
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with a lower stiffness and strength four-layered glass fibre TRM jacket (specimen
L0_M4G), which represents a rehabilitation solution of lower cost in comparison
with specimen L0_R2 and L0_M4.

The effectiveness of TRM versus FRP jackets, applied at the ends of old-type
RC columns for specimens constructed with lap splicing of longitudinal rein-
forcement above the column base, was evaluated for two different lap lengths,
which were selected equal to 20 and 40 bar diameters, as shown in Fig. 9.32a. In
summary, the notation of specimens is LX_YN, where X defines the lap splice
length above the column base (0 for continuous reinforcement, 20d for a lap splice
length of 20 rebar diameters, 40d for a lap splice length of 40 rebar diameters), Y
denotes the type of jacket (C for the unjacketed—control—columns, R for
resin-based jackets, and M for mortar-based jackets) and N denotes the number of
layers. For the specimen strengthened with a glass fibre TRM jacket the letter G
was added after letter N. The jackets extended from the base of each column to a
height of 430 mm except for the two columns with longer lap splices (L40d_R2 and
L40d_M4) where the jackets were extended to a height of 600 mm. The overlap-
ping length of the jacket was equal to 150 mm. Prior to jacketing, the four corners
of the columns which received jacketing were rounded at a radius equal to 25 mm.
A photograph of the application method of textile combined with mortar binder to
provide jacketing in one of the specimens used in Bournas et al. (2009) is shown in
Fig. 9.32b.

The response of the columns tested in Bournas et al. (2009) is given in Fig. 9.33
in the form of load-drift ratio loops. Key results are also presented in Table 9.2,
which includes: (a) The peak resistance in the two directions of loading. (b) The
drift ratio corresponding to peak resistance in the two directions of loading. (c) The
drift ratio at conventional “failure” of the column, defined as reduction of peak
resistance in a cycle below 80 % of the maximum recorded resistance in that
direction of loading. (d) The observed failure mode.

Fig. 9.32 a Schematic of test setup and cross section of the columns. b Application of a TRM
jacket
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The failure mode of the unretrofitted specimen with continuous bars was con-
trolled by bar buckling (Fig. 9.34a) with a sustained drift ratio at failure of 3.43 %.

The confinement provided by the FRP jacket to specimen L0_R2 restrained the
outward bending of longitudinal bars inside the FRP jacket region, but bar buckling
finally occurred above the FRP jacket (Fig. 9.34b) at a drift equal to 5.15 %.
Contrary to specimen L0_R2, rebar buckling in columns L0_M4 and L0_M4G
developed gradually inside the TRM-jacketed area, as the compressive force
released from early buckled bars was carried by the surrounded confined concrete
inside the jackets. This is possible to occur in this confining system, as TRM jackets
are able to deform outwards without early fibre rupture, due to the low composite
action between fibres and mortar, which allows for higher local deformations (e.g.
slip of fibres within rovings). In specimen L0_M4 the carbon fibre TRM jacket
remained intact until the test was terminated at drift ratio equal to 7.81 %
(Fig. 9.34c), while in specimen L0_M4G fracture of the glass fibre TRM jacket (at a
drift ratio equal to 7.2 %) led to failure (Fig. 9.34d).

The failure mode of the control specimens with lap splices was characterized by
splitting cracks, developed along the splice length of lapped bars, for both unret-
rofitted specimens L20d_C and L40d_C, respectively. The drift ratio at failure
sustained by unretrofitted columns L20d_C and L40d_C was 3.59 and 3.28 %,
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Fig. 9.33 Load versus drift ratio curves for all specimens tested in Bournas et al. (2009)
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Table 9.2 Summary of test results (Bournas et al. 2009)

Specimen
notation

Peak force
(kN)

Drift at
peak force
(%)

Drift at
“failure” (%)

Failure mode

Push Pull Push Pull Push Pull

L0_C 41.63 −42.48 2.5 2.5 3.43 3.43 Buckling of longitudinal bars

L0_R2 43.46 −48.70 2.8 3.1 5.0 −5.31 Buckling of longitudinal bars
above FRP jacket

L0_M4 45.77 −49.19 2.8 2.8 >7.81 >7.81 Conventional failure was not
reached

L0_M4G 48.82 −45.28 4.0 2.8 7.5 6.9 Fracture of the TRM jacket due
to both rebars buckling and
concrete dilation

L20d_C 41.50 −36.62 1.87 1.87 4.06 3.12 Splitting bond failure followed
by spalling of the concrete cover

L20d_R2 41.26 −52.86 2.81 3.12 5.31 6.25 Splitting longitudinal cracking
followed by pull out bond
failure of lapped bars

L20d_M4 48.46 −49.80 3.12 2.18 5.0 5.0 Splitting longitudinal cracking
followed by pull out bond
failure of lapped bars

L40d_C 46.26 −43.82 2.5 2.18 3.43 3.12 Splitting bond failure followed
by spalling of the concrete cover

L40d_R2 42.97 −49.93 4.68 5.0 >7.81 >7.81 Conventional failure was not
reached

L40d_M4 45.90 −50.48 1.87 3.75 >7.81 >7.81 Conventional failure was not
reached

fracture

(b)(a) (d)(c)

Fig. 9.34 a Disintegration of concrete and bar buckling. b Buckling of longitudinal bars above the
FRP jacket. c Undamaged carbon TRM jacket at end of test. d Fracture of glass TRM jacket due to
bar buckling
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respectively. TRM and FRP jacketed columns, with either short or long lap length,
responded far better than their unretrofitted counterparts. Confinement provided
sufficient resistance against splitting cracks and lateral expansion of concrete.
Specimens L20d_R2 and L20d_M4 (with short lap lengths) sustained reversed
deformation cycles up to 6.3 % drift at failure. The mean strength increase for
columns L20d_R2 and L20d_M4 was 20.3 and 25.6 %, respectively, in comparison
with the control specimen (L20d_C), while the corresponding increase in defor-
mation capacity was 64.7 and 38.8 %, respectively. Columns with longer lap splices
(L40d_R2 and L40d_M4) behaved in an identical manner until the end of the test at
a drift ratio of 7.81 % (maximum stroke of piston was reached), resulting in an
increase of the member deformation capacity by a factor of more than 2.5. Peak
resistance was practically the same as in the unretrofitted column (L40d_C).

The tests on columns with continuous longitudinal reinforcement (Series L0)
show that TRM jackets are quite effective as a means of increasing the cyclic
deformation capacity and the energy dissipation of old-type RC columns with poor
detailing, by delaying bar buckling. Compared with equal stiffness and strength
FRP, TRM jacketing has a higher effectiveness by about 50 %. From the tests on
columns with lap-spliced longitudinal reinforcement (Series L20d and L40d), it
may be concluded that TRM confining jackets provide substantial gain in lateral
strength and deformation capacity of cyclically loaded reinforced concrete columns
with lap splices at the base of the column. Compared with equal stiffness and
strength FRP jackets, they are characterized by a slightly reduced effectiveness in
terms of deformation capacity for columns with short lap splices and with the same
effectiveness for columns with longer lap lengths. Detailed results on the bond
strength of lap-spliced bars and bar buckling in TRM confined concrete are pre-
sented in Bournas et al. (2011a, b) and Bournas and Triantafillou (2011).

Deformation Capacity of TRM-Confined RC Members

The cyclic deformation capacity of RC columns, a key property in
displacement-based design used in seismic rehabilitation applications, is typically
expressed through the attained drift ratio of the members at failure. This important
parameter for all specimens tested is compared in this section with predictions given
by Eurocode 8 (EN 1998-3 2005). The drift ratio, which is defined as chord rotation
capacity at ultimate in EN 1998-3 (2005), is given by the following empirical
expression:

hu ¼ k0:016 0:3vð Þ max 0:01;x0ð Þ
max 0:01;xð Þ fc

� �0:225 LV
h

� �0:35

25c 1:25100qd
� � ð9:11Þ

where fc = compressive strength of concrete (MPa); x and x0 = mechanical
reinforcement ratio of tension and compression longitudinal reinforcement,
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respectively; m ¼ N=bhfc = normalized axial force (compression taken as positive);
b = width of compression zone; h = cross section side parallel to the loading
direction; LV ¼ M=V = moment-to-shear ratio at the end section; c ¼ aqsxfyw=fc;
qsx ¼ Asw=bsh = transverse steel ratio parallel to the direction x of loading;
fyw = yield stress of stirrups; sh = spacing of stirrups; Asw = area of transverse steel
reinforcement parallel to the direction x within sh; k ¼ 0:825 for columns with
deformed bars, without detailing for earthquake resistance; qd = geometric ratio of
diagonal reinforcement, if any; and a = effectiveness coefficient for confinement
with stirrups.

If a column is retrofitted with an FRP or TRM jacket in the plastic hinge region,
it is logical: (a) to take k equal to 1 instead of 0.825, as the lack of detailing for
earthquake resistance has been compensated by the external confinement; and (b) to
adopt the expression in Eq. (9.11) with c given by the sum of two terms: one to
account for the contribution of stirrups and a second one to account for the con-
tribution of the jacket, as follows (Bournas et al. 2007):

c ¼ aqsx
fyw
fc

þ afqfx
ffe
fc

ð9:12Þ

where qfx ¼ 2ntf =b; n = number of layers of the fibre sheet or textile;
tf = thickness of one fibre sheet or textile layer; ffe = effective stress of jacket at
conventional failure of the column; and af = effectiveness coefficient for confine-
ment with fibres (TRM or FRP jackets), equal to:

af ¼ b 1� b� 2Rð Þ2þ h� 2Rð Þ2
3bh

" #
ð9:13Þ

where R = radius at corners of the cross section. The coefficient β in Eq. (9.13)
accounts for the reduced or enhanced effectiveness of TRM versus FRP jackets in
terms of ultimate strain. On the basis of concentric compression tests on reinforced
concrete prisms presented in Triantafillou et al. (2006) and summarized above, this
value is about 0.9. But if jacket failure has not been reached at conventional failure
of the column, no reduction (nor enhancement) should be made and β should be
taken equal to 1 (i.e. specimen L0_M4). It should be noted that in view of the
relatively limited experimental database on TRM jacket failures, this value of β
should be carefully selected. Other materials (e.g. different mortars) may result in
different values for the effectiveness of TRM versus FRP. Therefore for such novel
materials much more experimental work is needed to propose design values of β.
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