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This paper proposes a model aimed at simulating the bond behaviour of Fiber Reinforced Polymer (FRP)
laminates glued to concrete substrates and exposed to high temperature. Based on a previous model
already formulated by one of the authors and available in the scientific literature, the present paper pro-
poses a theoretical model formulated within the general framework of Fracture Mechanics and Plasticity-
based concepts. Particularly, the aforementioned model is extended herein to consider the thermal
effects, through a temperature-based scaling function affecting the strength parameters and softening
rules which define the failure surface and the post-cracking response of FRP-concrete joints. The mechan-
ical soundness of the proposed model is demonstrated by the very good agreement between some exper-
imental results taken from the scientific literature on FRP-to-concrete systems tested in pull-out loading
at normal and elevated temperature and the corresponding theoretical simulations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The use of composite materials is one of the most recent
advances in strengthening existing structures made of either con-
crete [1,2] or masonry [3,4]. Particularly, techniques based upon
utilising Externally Bonded (EB) Fiber Reinforced Polymer (FRP)
strips is one of the most common practices for structural strength-
ening [5]. Adhesive connection is by far the most common solution
to connect FRP laminates to the above mentioned materials, even
though an innovative anchorage technique for prestressed Car-
bon-Fiber Reinforced Polymer strips has recently been proposed
[6]. Moreover, the use of FRP strips also gained its popularity, not
only for repairing cement-based or masonry buildings, but also
for upgrading steel structures or wood frames [7].

Several investigations currently available in the scientific liter-
ature point out the importance of the bond between composite
strip and concrete substrate as a controlling factor in designing
structural strengthening interventions [8]. Actually, different test
set-ups have been proposed for investigating the bond behaviour
of FRP strips glued to concrete or masonry substrates. They are
often classified as follows: single and double pull-out schemes,
single debonding with fixed back side, critical diagonal crack
induced interfacial debonding or intermediate crack-induced deb-
onding [9].

Both experimental [10,11] and theoretical [12,13] researches
are currently available in the scientific literature for investigating
the bond-slip behaviour of FRP-to-concrete interface under
quasi-static and monotonic load conditions. However, the influ-
ence of critical conditions like high temperature and fire on the
overall performance of such a structures still represents an open
topic which needs to be further investigated. As a matter of fact,
both matrix and bond adhesive are thermosetting polymers (epox-
ies) characterised by a very low glass transition temperature Tg

[14,15]. This implies that the actual mechanical properties of FRP
plates and sheets are strongly affected by the exposure to high
temperatures, that directly modifies the FRP-adhesive and adhe-
sive-concrete interfaces, especially when such temperatures
achieve the Tg value [16–18]. It is worth highlighting that a higher
Tg temperature typically characterises the FRP matrix compared
with the Tg of the adhesive epoxy employed for the FRP-to-con-
crete joint. This implies that, under elevated temperatures, the
weak link of a FRP-to-concrete bonded joint is represented by
the epoxy adhesive.

In some cases the Young’s modulus Ef of the FRP laminate is
highly sensitive to temperature changes. Available test data on
FRP sheets [19,20] and FRP bars [21,22] at elevated temperatures
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Nomenclature

s relative joint slip
se elastic part of the relative joint slip
sp plastic part of the relative joint slip
sT thermal part of the relative joint slip
s interface shear stress
dT thermal damage variable
kE undamaged tangential elastic stiffness
kE;d tangential elastic stiffness
DT interface temperature jump
a0

s coefficient of the thermal (surface) expansion
_k non-negative plastic multiplier
f failure criterion
sy interface shear strength
sy;0 initial (maximum) shear strength
w scaling function
wsl work spent in mode II
Gf fracture energy in mode II
n ratio between work spent and fracture energy
a scalar function controlling the shape of the softening

rule
g temperature-based rule
h scalar variable describing the thermal damage
Tavg average temperature in the interface plane

Tavg;0 input temperature parameter
Tavg;f input temperature parameter
Tg glass transition temperature
fs decay function describing the shape of the stiffness deg-

radation against thermal processes
H softening parameter related to mechanical actions
I softening parameter related to temperature
kep

d tangential interface stiffness
# thermal tangential stress
qn convective law
hf convective heat transfer coefficient
uþ normal (positive) interface separation
h0 maximum convective coefficient related to a closed

crack
hinf minimum convective coefficient related to a fully

opened crack
lf bonding length
bf plate width
tf plate thickness
Ef effective young’s modulus of the plate
F pull-out load
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actually demonstrate as the elastic properties of such FRPs pre-
dominantly depend on the glass transition temperature of the
polymer matrix Tg .

In this regard, simple empirical models are available in litera-
ture to describe the elastic modulus degradation of FRP under ele-
vated temperature [23,24]. Studies performed on adhesive
materials exposed to temperature close to Tg clearly highlight
the strong reduction of their mechanical properties in terms of ten-
sile strength, elastic modulus and bond properties [25]. Moreover,
depending on the type of resin used by FRP manufacturers, the
value of Tg may range between 70 �C and 175 �C [26]. Even though
this range can be taken as a reference for prefabricated FRP
products, for FRP sheets glued with epoxy materials Tg is around
45–82 �C [27]. Therefore, based on this knowledge, in this work
the expression ‘‘elevated temperature’’ is intended to be referred
to temperatures rather close or even higher than Tg limit.

Only few experimental works, available in the scientific litera-
ture, investigate the mechanical response of FRP-concrete interface
at elevated temperature. In this field, an interesting research by
Tadeu and Branco [28] reports the effect of high temperature on
the bond between EB steel reinforcement and concrete supports.
The results of this work highlight that the epoxy resin, represent-
ing the bonding material between steel reinforcement and con-
crete elements, actually exhibited a very poor behaviour when
subjected to increased temperature. Double pull-out shear tests
on concrete elements, reinforced with EB Carbon-FRP [29–31]
and Glass-FRP laminates [32] at different temperatures represent
interesting works on this subject. The experimental study by Blont-
rock et al. [29] on CFRP-to-concrete bonded joints considered four
different temperatures (i.e., 20, 40, 55 and 70 �C). The overall
pull-out strength in those tests increased 41% and 24% when the
temperature raised from 20 �C to 40 �C and 55 �C, respectively.
However, when the temperature was further increased up to
70 �C (near to the Tg temperature), the ultimate load decreased
19%. Moreover, Klamer et al. [30] stated that two types of failure
can be observed based on the considered temperature. For low to
moderate temperatures (up to 40 �C) failure occurred in the con-
crete layer, while for elevated temperatures (50–75 �C) failure
occurred at the adhesive-concrete interface without leaving any
concrete attached to the adhesive. The experimental results by
Wu et al. [31] highlighted that the value of the measured fracture
energy decreases while the effective bonding length increases at
temperatures near to or higher than Tg . Elevated temperature
(especially when the Tg is reached) significantly affects the bond
between FRP and concrete interfaces dealing with a sensible reduc-
tion of the pull-out strength as demonstrated in [32]. The influence
of temperature on bonded FRP-to-concrete joint systems tested
under three-point bending schemes is also presented in the work
of Di Tommaso et al. [33]: the experimental campaign points out
as the failure mode mainly changes with temperature. Particularly,
a more ductile response was registered at high temperatures while
brittle failures occurred at low and negative temperatures.

Various national and international codes and guidelines aim
at designing FRP-strengthened RC structures [27,34,35]. Such
codes mainly cover applications in which temperature effects
are not relevant. As a matter of fact, there are no specific stan-
dards dealing with FRP-concrete structures under high temper-
ature: the existing ones, e.g. the ACI440-2R-08 [27] guideline,
directly suggests that, in case of fire, the possible contribution
of FRP to the load-carrying capacity of strengthened members
should be neglected.

However, several theoretical models are currently available to
simulate the debonding failure of FRP strips glued to brittle sub-
strates. The most common ones are based on assuming that the
fracture process propagates in pure ‘‘mode II’’ and consider bond-
slip laws which describe the interface behaviour and can be taken
as a bilinear elastic-softening relationship [1], a hyperbolic law
[36] or a rational bond-slip law [37]. All available formulations
for describing the FRP-to-concrete bond-slip behaviour generally
do not take into account damage effects induced by thermal condi-
tions. In fact, only few contributions are available in scientific liter-
ature: e.g., the 3D model by Gamage et al. [38] capable to predict
the heat transfer response of CFRP strengthened concrete members
as well as the recent proposal by Dai et al. [24] outlining a nonlin-
ear bond-slip model for FRP laminates externally bonded to con-
crete under elevated temperature.
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Therefore, this work is intended at giving a contribution in this
field, by proposing a coupled thermo-mechanical fracture-based
model to simulate the degradation effect of high temperature on
the bond between FRP and concrete. The formulation is imple-
mented into zero-thickness interface elements for discontinuous
finite element analyses and is formulated within the general
framework of Fracture Mechanics, according to the well-known
discontinuous crack model. The fracture propagation and the cor-
responding stress release process is simulated through a general
nonlinear temperature-based softening relationship, though
assuming that fracture develops in ‘‘mode II’’.

After this general introduction about the State-of-the-Art and
main motivations of this research, it is worth highlighting that
the paper is organised as follows. Section 2 deals with the basic
assumptions of the finite element analysis to simulate the bond
behaviour under pull-out test of FRP plates glued on a concrete
substrate. Section 3 reports the general formulation of the elas-
to-thermo-plastic model featuring fracture energy-based soften-
ing and thermal damage being this latter the key novelty
contribution of this paper. Then, Section 4 figures out the heat
transfer problem along the interface element and, finally, Sec-
tion 5 proposes the model validation and reports some compar-
isons between a series of experimental results, available in the
scientific literature and often assumed as a benchmark, and the
corresponding numerical simulations.

2. Bond behaviour of FRP-to-concrete joint exposed to high
temperature: Fundamental assumptions

The main assumptions for the Finite Element (FE) simulation of
bond-slip behaviour of FRP laminates glued to a concrete substrate
(Fig. 1) exposed to elevated temperature are presented below:

1. FRP strips are modelled as a thermo-elastic material through
one-dimensional two-nodes isoparametric trusses.

2. The adhesive layer between FRP laminate and concrete sub-
strate is simulated through an elasto-thermo-plastic constitu-
tive relationship for interface elements. Such a constitutive
model, considered for modelling the nonlinear response of
FRP-to-concrete joints, is formulated within the general frame-
work of Fracture Mechanics combined with thermal effects
inducing softening degradations. All thermal and mechanical
nonlinearities are lumped at the interface between the FRP lam-
inate and the concrete substrate.

3. The temperature field is characterised by a discontinuity across
the interface due to strong discontinuities of the interface
kinematics.

4. The heat flow, normal to the interface plane, is kept constant
since no strong kinematic (normal discontinuity) was
considered.

5. The concrete substrate is ideally considered as a rigid block:
thus, strains developed in concrete are neglected.

3. Coupled fracture energy-based thermal interface model

This section presents the key aspects of the interface model pro-
posed for simulating the fracture process at the FRP-concrete sub-
strate exposed to elevated temperature. As classically assumed in
the Flow Theory of Plasticity, constitutive equations can be written
in the so-called incremental formulation

_s ¼ _se þ _sp þ _sT

_s ¼ kE;d _se

_s ¼ kE;d _s� _sp � _sT
� �

ð1Þ
where _s is the rate of the relative joint slip, decomposed into elastic,
plastic and thermal components, _se; _sp and _sT , respectively; _s is the
rate of interface shear stress and kE;d defines the tangential elastic
stiffness, thermally degraded through the damage (scalar) variable,
dT ,

kE;d ¼ dT kE ð2Þ

being kE the elastic undamaged stiffness.
Beside the classical assumptions usually adopted for interface

approaches which consider a jump in the displacement field (kine-
matic discontinuity) and the continuity of the stress field, the pres-
ent proposal assumes that the temperature field develops a jump
across the FRP-to-concrete interface, mainly due to strong discon-
tinuities of the interface kinematics [39].

The norm of the temperature jump is calculated as
DTj j½ � ¼ Tþ � T�

�� ��� �
, being Tþ and T� the temperature at the ‘‘þ’’

and ‘‘�’’ side of the considered interface. The rate of the relative
joint slip due to thermal effects, _sT , is assumed to be isotropically
linear to the rate of the temperature jumps D _T [39]

_sT ¼ a0
s D _T
���

���
h i

ð3Þ

where a0
s is a coefficient of the thermal (surface) expansion.

Then, according to the classical flow rule of plasticity, the
inelastic slip rate can be defined as

_sp ¼ _k
@f
@s

ð4Þ

where _k is the non-negative plastic multiplier derived by means of
the classical Kuhn–Tucker and consistency conditions which take
the following expressions

_k P 0; f 6 0; _kf ¼ 0; _f ¼ 0 ð5Þ

where f ¼ f s; sy
� �

describes the elastic criterion in post-peak
regime

f s; sy
� �

¼ s2 � s2
y 6 0 ð6Þ

depending on both the current shear stress s and the evolution of
the yielding one-dimensional surface sy.

The variation in sy is assumed to depend on the combined
effects of both the spent fracture work and the agent temperature.
The following relationship is proposed

sy ¼ sy;0 1� wð Þ 1� gð Þ ð7Þ

in which sy;0 is the maximum shear strength, which represents a
material parameter of the model, w the scaling function defined
by Carol et al. [40], while g is the proposed temperature-based rule
which actually quantifies the damage induced by thermal effects.

3.1. Fracture-energy softening evolution

The w function of Eq. (7) is given as follows

w nð Þ ¼ e�an
1þ e�a � 1ð Þn ð8Þ

being n ¼ wsl=Gf , the ratio between the inelastic work spent, wsl,
with the available fracture energy in Mode II, Gf ; the softening
parameter a of Eq. (8) provides a series of descending softening
curves as described in Caggiano and Martinelli [41].

The incremental fracture work _wsl in debonding is defined as

_wsl ¼ s_sp: ð9Þ

It follows that the total dissipated work is obtained by integrating
the fracture work increments during the delamination process.
The variable wsl defines the amount of plastic work which leads
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Fig. 1. FRP-to-concrete substrate pull-out scheme.
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the joint to debond in shear fracture (under the hypothesis of pure
mode II) due to an applied tangential stress s.

3.2. Thermal-dependent softening evolution

The evolution of the cracking surface is defined as function of
the average temperature in the interface plane to take into account
damage effects induced by thermal conditions. Particularly, the
thermal damage is described through the gðhÞ of Eq. (7). A degrada-
tion rule describing this effect is proposed analogously to Eq. (8)
and it is described as follows

gðhÞ ¼ e�fh
1þ ðe�f � 1Þh ð10Þ

in which the f parameter defines several possible decay curves of
the thermal damage description (Fig. 2), while the h variable high-
lights the influence of the temperature through the following
expression

h ¼
1� cos p Tavg�Tavg;0

Tavg;f�Tavg;0

� �

2
ð11Þ

being Tavg ¼ TþþT�

2 the average temperature in the interface plane,
while Tavg;0 and Tavg;f are two input temperatures. Particularly, if
Tavg < Tavg;0 (pull-out tests with low temperature) the interface is
insensible to thermal effects, while Tavg > Tavg;f (tests under ele-
vated temperature) means that the interface is totally debonded
due to thermal processes.

In this work, the expressions (10) and (11) are also employed
for defining the thermal damage parameter ds controlling the ther-
mal reduction of the elastic stiffness in Eq. (2)

ds ¼ 1� e�fs h
1þ ðe�fs � 1Þh ð12Þ

being

h ¼
1� cos p Tavg�Tavg;0

Tavg;f�Tavg;0

� �

2
ð13Þ

where fs defines several possible decay curves of the elastic stiff-
ness decay against thermal processes.

3.3. Elasto-thermo-plastic constitutive rate equations

The classical elasto-thermo-plastic rate equations can be
obtained by means of the consistency condition of Eq. (5)
_f ¼ @f
@s

_sþ @f
@k

_kþ @f
@Tavg

_Tavg ¼ 0 ð14Þ

where the H softening parameter can be derived as follows

H ¼ � @f
@k
¼ � @f

@sy

@sy

@wsl

@wsl

@sp

@sp

@k
ð15Þ

in which @sp

@k ¼
@f
@s, as clearly highlighted in the plastic flow rule of Eq.

(4).
Conversely, the temperature dependent softening parameter (I)

due to temperature effects can be defined as

I ¼ � @f
@Tavg

¼ � @f
@sy

@sy

@Tavg
: ð16Þ

Then, the classical expression for the rate of the plastic multi-
plier is obtained by combining and solving Eq. (14), the constitu-
tive Eq. (1) and Eqs. (15) and (16),

_k ¼
@f
@s kE;d _s� a0

s D _T
���

���
h i� �

� I _Tavg

H þ kE;d
@f
@s

� �2 : ð17Þ

Consequently, the rate of the tangential interface stress is
derived as function of the rate displacement and temperature jump
as

_s ¼ kep
d

_sþ _# _T
� �

: ð18Þ

The tangential interface stiffness for elastic degradation
expands into the same expression of the original model by
Caggiano and Martinelli [41]

kep
d ¼ kE;d 1�

@f
@s

� �2
kE;d

H þ kE;d
@f
@s

� �2

0
B@

1
CA ð19Þ

while the rate of thermal tangential stress due to the rate of tem-
perature jump is

_# _Tþ; _T�
� �

¼ kE;d

a0
s D _T
���

���
h i

@f
@s

� �2
þ I _Tavg

@f
@s

H þ kE;d
@f
@s

� �2 � a0
s D _T
���

���
h i

0
B@

1
CA: ð20Þ

The analytical expressions of the derivative terms needed in
Eqs. (15) and (16) are reported in the following

@f
@s
¼ 2s; ð21Þ
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@f
@sy
¼ �2sy; ð22Þ

@sy

@wsl
¼ �sy;0 1� gð Þ @w

@n
@n
@wsl

; ð23Þ

@wsl

@sp
¼ s; ð24Þ

@sy

@Tavg
¼ �sy;0 1� wð Þ @g

@#

@#

@Tavg
: ð25Þ
4. Interface heat transfer

The heat transfer throughout the FRP-to-concrete interface is
governed by the following convective law

qn ¼ �hf DTj j½ � ð26Þ

where hf is the heat transfer coefficient while the discontinuity of
the temperature field is defined as follows:

DTj j½ � ¼ Tþ � T�
�� ��� �

– 0: ð27Þ

The value of hf mainly depends on the normal (‘‘uplift’’) and
positive interface separation (uþ) [39]: the following expression
could be generally adopted for describing the hf ,

hf ¼ hf uþð Þ; h0 P hf P hinf ð28Þ

being h0 a maximum convective coefficient related to a closed crack
(uþ ¼ 0) while hinf a minimum one which denotes the convective
heat transfer for a fully opened crack.

However, since this paper deals with an interface formulation
based on assuming a fracture process in pure ‘‘mode II’’ and, then,
neglecting the effect of the interface normal (peeling) stresses
(possibly resulting in out-of-plane displacements), the coefficient
hf can be taken as constant.

5. Validation of the proposed model

Mechanical soundness and predictive capability of the model
proposed in Section 3 need to be carefully assessed in a validation
analysis which is presented in this section. Therefore, numerical
analyses are performed to simulate the mechanical behaviour of
pull-out tests on FRP strips glued on concrete substrates submitted
to different temperatures.

First, the simulation of the temperature effect is simulated by
considering a series of test results on double-lap shear tests as
highlighted in Section 5.1. Then, the interdependence of thermal
damage and mechanical softening is addressed in Section 5.2.
5.1. Temperature effect on double-lap shear test

Experimental data focused on the effect of temperature on the
double-lap shear test are available in the scientific literature [42]
and are considered herein as a reference for the model validation.
The numerical analyses are performed by taking into account of
the proposed interface model into a User-defined interface consti-
tutive law (UINTER) of Abaqus [43] implemented by the authors.

The experimental tests, performed by Klamer [42] and used in
this work as a reference, deal with specimens heated in an oven
during approximately 16 h and subsequently tested within
15 min. According to [42], all specimens, tested at elevated tem-
perature, were packed with insulation during testing and the tem-
perature of the concrete surface and the adhesive was measured
with thermocouples. The temperature measurements oscillated
within a range of 3 �C, meaning that a constant temperature can
be considered for simulation purposes with a negligible error.
The numerical examples refer to the main geometric and material
properties described by the experimental evidences. Particularly,
Table 1 highlights the material properties of the considered tests.
The two component epoxy adhesive ðSikadur�-30Þ was used
throughout the experimental research. The glass transition tem-
perature of the Sikadur�-30 is approximately equal to 62 �C as
given by the manufacturer [44].

The proposed interface model is employed to simulate the
response of five specimens characterised by the same dimensions
according to Fig. 1, with a bonding length lf ¼ 300 mm, a plate
width bf ¼ 50:0 mm, a thickness tf ¼ 1:2 mm and different tem-
peratures ranging between the ambient temperature (T ¼ 20 �C)
and the highest one (T ¼ 90 �C).

In this work, a constant value for the Young’s modulus of FRP,
Ef ¼ 165:0 GPa, is assumed according to the test results exhibited
in Klamer [42], however, a general temperature-based model
which considers a Ef ¼ Ef ðTÞ relationship can be easily accounted
in the FE problem. Moreover, the values of the relevant material
parameters identified for the numerical simulation aimed at pre-
dicting the experimental tests, are the following: the shear stiff-
ness kE ¼ 135:0 MPa=mm, bond strength sy;0 ¼ 5:50 MPa, fracture
energy of reference (at 20 �C) Gf ;20 ¼ 0:62 N=mm; a ¼ �1:0,
a0

s ¼ 2:5e� 9, the convective heat transfer coefficient hf

¼ 1 kW=m2= �C; Tavg;0 ¼ 20 �C; Tavg;f ¼ 130 �C; f ¼ 0:0; fs ¼ 1:75.
Finally, 100 interface elements are adopted in the FE model, with
the aim of reducing discretisation errors.

The calibration procedure assumes that each specimen (tested
at different temperatures) has different value of the fracture
energy in mode II. Particularly, Fig. 3 reports the ratio between
the calibrated fracture energy with that of reference at 20 �C
against the considered temperature. It can be observed that once
the glass transition temperature is reached or exceeded the
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fracture energy value strongly decreases as the temperature
increases. This aspect is confirmed in several works, among others
to see [45,31,46,42]. Whereas, before the Tg limit, the fracture
energy tends to increase against the temperature increment. This
fact has not been well documented in literature and could derive
from the natural randomness of the mechanical properties of the
concrete substrate. The work of Wu et al. [45] actually reports a
typical temperature-dependent reduction of the specific energy
fracture, especially when Tg is reached or exceeded. As a matter
of fact, above Tg temperature, the type of failure recorded in the
experimental evidences changed from cracking in the concrete
adjacent to the concrete-adhesive interface, leaving a small layer
of concrete remaining attached to the adhesive, to failure exactly
in between the concrete and the adhesive. This was accompanied
by a significantly reduced scatter for the experimental force-slip
curves [42].

Figs. 4–8 compare the results (in terms of applied force vs. slip
at the loaded-end) obtained in the experimental tests for
20 �C; 40 �C; 50 �C; 70 �C and 90 �C with the corresponding numer-
ical simulations obtained by assuming the proposed thermo-
mechanical fracture-based discontinuous model for the softening
branch. The agreement between experimental and numerical
results is rather satisfactory, especially if it is kept in mind that
the same sets of calibrated interface parameters were employed
in all analyses.

Furthermore, the comparisons between the experimental
results reported in Klamer [42] (dots) and the corresponding
numerical simulations (continuous lines) in terms of strain distri-
bution throughout the FRP strip length are shown in Fig. 9 for
the test at ambient temperature (20 �C). Each curve corresponds
to various load levels of the resulting relationship between the
applied load and the maximum interface slip measured at the
loaded end, represented in Fig. 4. The corresponding transferred
shear interface stresses throughout the bonding length is reported
in Fig. 10.

Moreover, the comparison of the numerical results against the
experimental data can be directly proposed in terms of axial strains
throughout the bonding length, under the various temperature lev-
els for a considered load level of 30 kN (Figs. 4–7). Good agreement
between numerical predictions and experimental results has been
found for all tests as shown in Fig. 11. While the distribution of the
shear interface stresses are shown in Fig. 12.

Figs. 4–11 demonstrate a rather good agreement between
experimental results and numerical simulations based on the same
set of input parameters needed by the proposed numerical model
for describing both elastic and fracture responses combined with
damage effects induced by thermal conditions of the FRP strip
glued to a concrete substrate. Thus, the figures under consideration
provide readers with a first demonstration of the soundness of the
proposed fracture and temperature-based model.
0.0 0.2 0.4 0.6 0.8 1.0

loaded-end slip [mm]

Fig. 5. Load-slip curve at the loaded-end: experimental results vs. FE-analyses for
40 �C.
5.2. Coupled thermomechanical debonding problem

As already mentioned in the introduction section, experimental
works available in the scientific literature mainly described the
thermal damage induced by elevated temperature in FRP bonded
to concrete substrate under hot or residual conditions. However,
the interdependence of thermal coupled with mechanical loads
Table 1
Model parameters according to the experimental tests by Klamer [42].

Concrete Adhesive CFRP

Young’s modulus ðEmÞ [GPa] 31.1 12.8 165.0
Poisson’s ratio (v) 0.20 0.30 0.35
Coeff. thermal exp. (a) 10E�6 [�C�1] 11.30 26.00 �0.30
represents a very important topic which needs to be addressed,
especially when transient high temperature excursions are
considered.

The double-lap shear test, analysed in the previous subsection,
is now considered in order to study the coupled inter-dependence
of temperature and mechanical loads. The same material parame-
ters calibrated in the above subsections are used and four numer-
ical examples are considered. The pull-out response in the four
cases is governed by two load steps: (i) the first step in which an
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Fig. 6. Load-slip curve at the loaded-end: experimental results vs. FE-analyses for
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Fig. 8. Load-slip curve at the loaded-end: experimental results vs. FE-analyses for
90 �C.
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Fig. 7. Load-slip curve at the loaded-end: experimental results vs. FE-analyses for
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applied total slip at 20 �C is imposed at loaded-end and (ii) in the
second step a thermal-damage is produced through the imposition
of a linear increment of the temperature (while the imposed slip at
load-end was restrained to be constant). Fig. 13a reports the
applied slip at loaded-end during the two time-steps while
Fig. 13b deals with the temperature evolution during the time.

This analysis is aimed at exploring the effect of temperature of
the mechanical response of the double-lap shear test adjusted in
Section 5.1. The numerical predictions allow for investigating the
interaction of the thermal and mechanical degradation due to
interface damage induced by thermal loads.

The main results of the coupled thermal/mechanical tests are
shown in Fig. 14. At the top, Fig. 14a proposes the comparison
between the load-slip curve obtained at ambient temperature
and the four responses obtained when an increment of tempera-
ture is considered after a first time-step in which the applied slip
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at loaded-end reaches a certain level. The four cases highlight that,
for a fixed slip, a gradual increment of temperature leads to a grad-
ual reduction of the pull-out load. Fig. 14b illustrates the pull-out
load against the considered time-steps while Fig. 14c clearly
reports the loss in pull-out strength due to an increment of the
external temperature. The interface damage due to thermal effects
leads to an overall release of the axial shear stresses and a subse-
quent loss of pull-out strength as represented in these figures.

6. Conclusions

A thermo-mechanical fracture-based solution for describing the
overall bond behaviour of FRP-to-concrete interface submitted to
high temperature was presented in this paper. A series of final
remarks can be drawn out on the bases of both the model formu-
lation and the proposed applications:

� Few theoretical models are currently available in the scientific
literature for analysing the bond-slip behaviour of FRP-to-con-
crete interfaces at elevated temperature and all these models
were mainly based on bond-slip relationships chosen ‘‘a priori’’.
The key parameters employed in such bond-slip models were
principally determined from regression analysis of existing test
data at elevated temperature while, this work provides readers
with a more general formulation based on key fracture-
mechanics principles combined with temperature effects induc-
ing thermal damage.
� The detailed description of the incremental plasticity-based for-

mulation of the model coupled with thermal damage were
highlighted to the readers.
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� Several numerical analyses were proposed by employing zero-
thickness interface elements for simulating the results of some
experimental tests reported in the scientific literature.
� Model performances demonstrate a rather good agreement

between experimental results and numerical simulations based
on the same set of input parameters needed by the proposed
numerical model for describing both the fracture softening
and thermal damage on the resulting response of the FRP lam-
inate glued to a concrete substrate.
� The accuracy of the numerical simulation is achieved by just

calibrating a temperature-based scaling function which ther-
mally affects the strength and softening parameters defining
the failure surface and the post-cracking response of the FRP-
concrete joint.
� The extension of such comparisons to further experimental

observations (especially in transient tests dealing with the
interdependence of thermal and mechanical damage) is among
the future steps of this research, which finally aims at charac-
terising the force and displacement capacity of FRP-to-concrete
joints subjected to high temperature.
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