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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.
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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,
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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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Fig. 3.6 Bond length versus concrete compressive strength: 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)

3 Bond Between EBR FRP and Concrete 67



– 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

fc,th=30 MPa (fc,exp = 30÷40 MPa)
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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

74 C. Mazzotti et al.



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)

3 Bond Between EBR FRP and Concrete 81



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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