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Abstract

This paper presents experimental and numerical investigations about the influence of elevated temperatures on carbon fibre
reinforced polymer (CFRP) strengthening systems. The experimental campaign comprised shear and tensile tests performed at
elevated temperatures (up to 120 °C) on epoxy adhesive typically used as a bonding agent in CFRP systems. In both test series,
the mechanical response of the adhesive as a function of temperature was assessed, namely in terms of load vs. displacement
curves, stress vs. strain/distortion curves, stiffness, strength and failure modes. The results obtained confirmed that both shear
and tensile properties present a considerable reduction with increasing temperatures: at 70 °C the shear and tensile strengths are
both reduced to around 15% compared to ambient temperature figures, while the tensile and shear moduli can be considered
negligible at that temperature. In the numerical investigation, three-dimensional (3D) finite element (FE) models were developed
to simulate double-lap shear test performed on concrete blocks strengthened with CFRP strips installed according to either the
externally bonded reinforcement (EBR) and near surface mounted (NSM) techniques. Two distinct modelling strategies for the
concrete-CFRP bond were adopted: (i) to explicitly simulate the bonding adhesive considering the mechanical properties of the
adhesive determined in the experimental campaign and assuming a perfect bond between all constituent materials; and,
alternatively, (ii) to simulate the CFRP-concrete interaction by means of global bilinear bond vs slip laws for different
temperatures that are available in the literature. Comparisons between numerical and previous experimental results confirmed
that the strategy adopted in (i) provides generally stiffer estimates of the concrete-CFRP bond (e.g., 90 °C, 3.1 to 5.2 times); as
expected, the numerical results obtained with the strategy (ii) showed a remarkable agreement with the experimental results.
This numerical study (i) confirmed that in order to accurately simulate the behaviour of CFRP-concrete bond at elevated
temperatures it is necessary to consider slip at the interfaces of the materials and (ii) allowed quantifying the relative contribution
of interfacial slip and adhesive distortion to the concrete-CFRP bond at elevated temperature.
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1. Introduction

Over the past 25 years, carbon fibre reinforced polymer
(CFRP) materials have been finding increasing applications
in rehabilitation and strengthening of reinforced concrete
(RC) structures. This increasing interest on CFRP materials
stems from their indisputable advantages over traditional
materials (in particular steel), such as high strength-to-weight
ratio, corrosion resistance and ease of application [1].

In spite of the above-mentioned advantages over
traditional strengthening materials/techniques, in
applications where structural fire ratings are required (e.g.
buildings), the attempts to apply these strengthening systems
have been hampered due to unknowns about the reduction of
their mechanical and bond properties at elevated
temperatures. In fact, when the glass transition temperature
(Ty) of the most susceptible material to this type of action
(generally the epoxy-based adhesives, which present lower Ty
than that exhibited by CFRPs) is reached, its mechanical
properties are severely deteriorated and, consequently, the
structural effectiveness of the strengthening system is
substantially affected [2].

Even though the fire performance exhibited by CFRP
systems is known to be poor and the bonding adhesive has
been identified as the most susceptible constituent to the
mechanical degradation of the system when exposed to
elevated temperatures, the (limited) research available is
mainly focused on the bond degradation rather than on the

characterization of the mechanical properties of the adhesives
themselves; further studies are clearly needed to fill this gap
in current knowledge.

2. Literature review

The influence of temperature on the mechanical
properties of bonding adhesives used in CFRP strengthening
systems has been addressed in a very limited number of
studies. Bascom and Cottington [3] reported a tensile strength
reduction on an epoxy-based adhesive with a T4 of 68°C (test
method not specified) of 35% at 50°C (maximum
temperature tested). Moussa et al. [4] reported that at 60 °C
the strength and stiffness of an epoxy adhesive (T4 =48 °C,
determined through DSC) were almost negligible.

Besides the aforementioned experimental studies, most
prior investigations have focused on the bond behaviour
between concrete and CFRP strips. In general, the existing
studies concerning the influence of temperature on these
bonded joints showed remarkable bond strength reductions
for temperatures above the adhesives’ Tq. However, there are
some contradictory results regarding the bond strength
variation for temperatures below Ty - in fact, some studies
reported bond strength increases (when compared to those at
ambient temperature) [5-8], whereas in others bond strength
reductions were obtained [9-13]. For instance, Wu et al.[9]
and Gamage et al.[10] reported a consistent decreasing failure
load with increasing temperature. In opposition, Blontrock[5]



and Klamer et al. [6] conducted double-lap shear tests and
reported increasing failure loads for temperatures lower than
the Tq of the adhesive. However, it is noteworthy that in the
latter studies, in which the bond strength increased at elevated
temperatures below Tg, the specimens were all conditioned at
elevated temperature for long durations prior to structural
testing. It is thus likely that the occurrence of post-curing of
the resin improved the bond performance.

Regarding the numerical studies on this topic, a few finite
element (FE) models were developed to simulate the
influence of temperature on the bond behaviour of CFRP-
concrete bonded joints. In order to accurately predict the
structural response of these bonded connections, such
numerical analyses include bond vs. slip relations for the
CFRP-concrete interfaces at elevated temperatures. The most
common approach is to simulate the bond behaviour by
means of bilinear [14] or non-linear bond vs. slip
relationships [15].

Klamer [7] simulated double-lap shear tests performed at
elevated temperature on concrete blocks strengthened with
externally bonded (EBR) CFRP strips. Two-dimensional
(2D) FE models were developed using the commercial
software DIANA, in which the bond between the CFRP strips
and the concrete was simulated with bilinear bond vs. slip
relationships. For temperatures up to the adhesive’s Ty
(62 °C; test method not specified), a typical bond vs. slip
relation for ambient temperature was modified to take into
account the effect of the reduced Young’s modulus of the
adhesive. However, for temperatures above the adhesive’s T,
this procedure did not provide good results.

Arruda et al. [16] simulated double-lap shear tests, in
which the influence of the strengthening technique, either
EBR or near surface mounted (NSM), on the bond behaviour
with temperature was evaluated. Three-dimensional (3D) FE
models were developed, using the commercial package
ABAQUS, in which the global bond behaviour of the
strengthening systems was simulated by means of bilinear
bond vs. slip laws; these were derived based on an inverse
analysis, in order to maximize the agreement between
experimental and numerical results in terms of (i) failure
loads, (ii) load vs. slip responses, and (iii) strain distributions
along the bonded length. Besides the good agreement
between numerical and experimental results, it was also
possible to accurately simulate the failure modes
experimentally observed.

The brief literature review presented above showed that:
(i) very few experimental studies are available concerning the
tensile properties of the bonding adhesives as function of
temperature and none concern their shear properties in spite
of their relevance; and (ii) the investigation efforts made so
far to describe the bond behaviour between CFRP and
concrete are very limited, and in some cases are
contradictory. These shortcomings were the main motivation
of the present study, which aims at providing contributions to
the two above-mentioned topics.

This paper presents experimental and numerical
investigations about the influence of elevated temperatures on
CFRP strengthening systems. In the experimental campaign
the mechanical response in tension and shear of an epoxy
adhesive (typically used as a bonding agent in CFRP
strengthening systems) was assessed, as a function of
temperature. In the numerical investigation, 3D FE models
were developed to simulate double-lap shear test performed
on concrete blocks strengthened with CFRP strips for the two
strengthening techniques (EBR or NSM). Two distinct
modelling strategies for the concrete-CFRP bond were
adopted: (i) to explicitly simulate the bonding adhesive
considering its mechanical as a function of temperature as
determined in the experimental campaign and assuming a
perfect bond between all constituent materials; and,
alternatively, (ii) to simulate the CFRP-concrete interaction
by means of global bilinear bond vs slip laws for different
temperatures that are available in the literature

3. Experimental investigation

3.1. Adhesive’s description

The adhesive analysed in the present experimental
campaign was a conventional two-component epoxy
adhesive typically used to bond CFRP strips to concrete, with
the commercial designation S&P Resin 220 and a glass
transition temperature of 47 °C, determined from dynamic
mechanical analyses (DMA, dual cantilever setup, heating
rate of 1 °C/min), defined based on the onset of the storage
modulus curve decay.

3.2. Shear tests at elevated temperatures

3.2.1. Specimens geometry and preparation

The specimens were prepared according to ASTM 5379/D
5379M — 05 [17] specifications. The coupons’ geometry (cf.
Fig. 1) consisted of rectangular strips (7520 mm, 8 mm
thick) with two symmetrical centrally located V-notches.
These adhesive coupons were left at 20 °C for about 7 months
in order to guarantee a high-degree of ambient-temperature
cure.

The preparation of test specimens can be summarized in
two stages: (i) the execution of a deep hole along the
longitudinal direction of the specimen (17.5 mm of depth;
0.25 mm of diameter), where a thermocouple wire (type K)
was introduced to measure the temperature inside the
specimen during the heating phase; and (ii) the marking of
eight reading points/targets (cf. Fig. 1) used for the
videoextensometry technique adopted for measuring the
deformations of the test specimens (cf. next section).
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Fig. 1 — Shear coupons: dimensions and target scheme.



3.2.2. Test setup, instrumentation and procedure

The shear tests were performed according to the V-
Notched Beam Test [17], in which the specimens are loaded
in a mechanical testing machine by a special fixture (cf. Fig.
2 a)). The specimens were first heated up to temperatures of
20°C, 35°C, 50 °C, 70 °C, 90 °C and 120 °C and then load up
to failure (maintaining a constant temperature in the
specimens). For each temperature, at least three valid tests
were carried out.

The tests were performed in a thermal chamber (Tinius
Olsen with inner dimensions 605x250x250 mm) attached to
a universal testing machine (Instron; 250 kN capacity). Two
type K thermocouples (0.25 mm conductor diameter) were
used to measure the test specimens’ temperature (installed
inside the drilled hole) and the air in the thermal chamber.
During the heating stage the average rate of heating was
14 °C/min (measured in the air inside the thermal chamber);
once the predefined target temperature was attained and the
coupons’ temperature stabilized, the specimens were loaded
up to failure under displacement control (speed of
0.5 mm/min); note that the coupons’ temperature was kept
constant during the loading stage.

During the loading stage, the cross-head displacement of
the test machine and the applied load were recorded, as well
as the displacements of the eight points/targets (previously
marked on the test specimens, cf. Fig. 1) through the
videoextensometry technique (cf. Fig. 2 b)). The equipment
used for the latter technique was the following: a high
definition Sony video camera (model XCG-5005E, Fujinon —
Fujifilm  HF50SA-1 lens), and a computer software
(LabView). The shear modulus was estimated by the slope
(obtained by linear regression) of the stress vs. distortion
curves between 20% and 50% of the maximum shear stress.

a) 3 '

Fig. 2 — Shear tests setup: a) test fixture positioned inside of the thermal
chamber; b) positioning of the video extensometer according to the viewing
window of the thermal chamber.

3.3. Tensile tests at elevated temperatures

3.3.1. Specimens geometry and preparation

The dob-bone shaped samples (cf. Fig. 3), prepared
according to 1SO 527-1 [18] specifications, had outer

dimensions of 170 x 20 mm and were 4 mm thick. These
adhesive coupons were left at 20 °C for about 7 months in
order to guarantee a high degree of ambient temperature cure.
Four targets were marked on the front face of the specimens,
as illustrated in Fig. 3, which is related to the adopted
technique for measuring the deformations of the test pieces
(cf. next section).
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Fig. 3 — Tensile coupons: dimensions and target scheme.

3.3.2. Test setup, instrumentation and procedure

Tensile tests, performed according to 1SO 527-1 [18],
were conducted by fixing both ends of the specimens between
two grips, as shown in Fig. 4. For each temperature, at least
three valid tests were carried out.

Fig. 4 — Positioning of the test specimens inside of the thermal chamber:
A) tensile test grips; B) test specimen; C) leveller; D) temperature
measurement sample; E) type K thermocouple wires.

The procedure was similar to that adopted for the shear
tests: the specimens were first heated up inside of a thermal
chamber at an average heating rate of 16 °C/min (temperature
of the air in the thermal chamber) up to temperatures of 20 °C,
35°C, 50 °C, 70 °C, 90 °C or 120 °C; subsequently, at constant
temperature, a tensile load was applied under displacement
control (speed of 0.5 mm/min) up to failure. The applied load,
the cross-head displacement of the test machine and the
displacements of the four points/targets (previously marked
on the test specimens, cf. Fig. 3) were recorded. The tensile
modulus was estimated by the slope (obtained by linear
regression) of the stress vs. strain curves between 20% and
50% of the maximum tensile stress.



3.4. Experimental results and discussion

3.4.1. Shear tests at elevated temperatures

Fig. 5 presents the load vs. displacement curves (total
displacement of the testing machine) for one representative
specimen of each target temperature. This figure shows the
global stiffness and maximum load reductions with
temperature (especially from 35 °C to 50 °C). Moreover, for
temperatures below Ty (i.e. 20°C and 35°C), an
approximately linear behaviour up to failure is observed
(brittle behaviour). However, for higher temperatures the
curves present non-linear behaviour, especially at 50 °C and
70 °C, which is due to the mechanical changes associated with
the glass transition process of the adhesive.
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Fig. 5— Load vs. displacement curves in shear tests for representative
specimens of all tested temperatures.

Fig. 6 shows the shear stress vs. distortion curves for one
representative specimen of each tested temperature; as can be
observed, both the shear stiffness and strength present
significant degradation with the temperature increase (cf.,
Tab. 1). Furthermore, in general, an approximate linear
behaviour is observed up to failure (brittle behaviour), except
at 50 °C and 70 °C; for these temperatures, after the maximum
shear stress is reached, there is a progressive reduction of the
shear stress together with an increase in the adhesive
distortion. Finally, it can also be seen that the maximum
distortion presents a non-monotonic variation with
temperature (e.g., the distortion capacity increases from 35 °C
to 50 °C, but decreases from 50 °C to 90 °C), unlike the
variation of the maximum shear stress, which decreases
monotonically with increasing temperature.

The typical failure modes observed in all experimental
series are shown in Fig. 7. In general, three types of failure
were observed: (i) two inclined and parallel cracks, both
beginning at the vertices of the test pieces notches (mode
obtained at 20 °C and 35 °C); (ii) according to a single plane,
in the central zone of the specimens (smallest cross-sectional
area; mode obtained at 50 °C and 70 °C); and finally (iii) two
curved cracking surfaces (mode obtained at 90 °C and
120 °C).

It should be noted how the failure mode is related to the
behaviour of the shear stress vs. distortion curves: (i) test
specimens whose rupture occurred with the formation of two
slits (20 °C, 35 °C and 90 °C, 120 °C) correspond to more
linear curves; (ii) tests with distinct fractures (at 50 °C and

70 °C), where the rupture occurred through the central section

of the specimen, correspond to non-linear curves.
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Fig. 6 — Shear stress vs. distortion curves for representative specimens of all
tested temperatures.

Tab. 1 — Shear strength and shear modulus for the considered temperatures
(average + standard deviation).

T[°C] Tuavg [MPa] G avg [MPa]
20 25.1+15 4611.1 £ 565.9
35 218+1.38 2950.6 + 685.8
50 81+13 50.5+9.1
70 41+05 36.2+2.6
90 23+0.3 378+54
120 20+0.3 345+16.1
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Fig. 7 — Typical failure modes of specimens tested at: a) 20 °C and 35 °C;
b) 50 °C and 70 °C; and c) 90 °C, 120 °C.

3.4.2. Tensile tests at elevated temperatures

Fig. 8 presents the load vs. displacement curves (total
displacement of the testing machine) for one representative
specimen of each tested temperature. It can be seen that,
besides the overall stiffness reduction, the tensile strength also
shows a significant degradation with the increasing
temperature.

Fig. 9 shows the tensile stress vs. strain curves, also for
one representative specimen of each tested temperature.
Similar conclusions can be drawn to those made for the shear
tests (cf. section 3.4.1); for instance, in addition to a
remarkable shear stiffness reduction, the tensile strength also
presents a significant degradation with temperature (cf. Tab.
2). Moreover, a change in the curves behaviour is observed as
temperature increases, especially from 35 °C to 50 °C. Finally,
it can also be seen that the maximum strain presents a non-
monotonic variation with temperature, unlike the variation of
the maximum tensile stress, which decreases monotonically
with increasing temperature



The typical failure mode observed in all tensile test series
(tensile rupture at the central length of the dob-bone shaped
specimens) is shown in Fig. 10.
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Fig. 8 — Load vs. displacement curves in tensile tests for representative
specimens of all tested temperatures.
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Fig. 9 — Tensile stress vs. strain curves for representative specimens of all
tested temperatures.

Tab. 2 —Tensile strength and elastic modulus for the considered temperatures
(average + standard deviation).

T[°C] Ouavg [MPa] Eavg [MPa]
20 16.6 +1.9 8205.3 +290.1
35 122+1.1 6675.3 +801.3
50 5.2+0.1 183.2 +24.1
70 24+0.2 829+21.8
90 1.8+0.2 87.3+30.5
120 1.6+0.3 65.0£47.1
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Fig. 10 — Typical failure mode of a tensile test specimen.

3.4.3. Modelling of properties degradation with temperature

Several authors have proposed mathematical expressions
based on semi-empirical models to simulate the evolution of
various properties of FRP materials as a function of
temperature. One of the most used models is the one proposed
by Gibson et al. [19], in which the variation of a generic
mechanical property P with temperature T, can be described
by the following equation,

P(T) =P, — hu ; b X (1+tanh [k'(T - Tg,mech)]) @

where B, is the property at ambient temperature and P. is the
property after glass transition (but before decomposition); k'
and Ty, are parameters obtained by fitting the
experimental data. This section presents the calibration of

equation (1) to the experimental data obtained in the present
study for both shear and tensile properties.

Fig. 11 and Fig. 12 illustrate the normalized strength and
modulus degradation curves, respectively, as well as the
experimental results of the shear and tensile tests. As can be
observed, a good agreement between the prediction curves
and the experimental results was obtained; these figures also
confirm that the reduction of the stiffness properties with
temperature is steeper than that exhibited by the
corresponding strengths (as previously referred); in fact, both
shear and tensile modulus can be considered negligible at
temperatures above 70 °C. In both figures the normalized
storage modulus curve, obtained from DMA tests on the same
adhesive, is also shown (heating rate of 1 °C/min [20]);
although the nature of the experimental tests performed in the
present study is significantly different from that of the DMA
tests, and therefore these should not be directly compared,
both provide relevant information regarding the degradation
of the material’s stiffness as a function of temperature. For
example, by comparing the curves shown in Fig. 12, it can be
seen that, according to the Gibson et al. [19] model, the most
pronounced modulus reductions occur as the temperature
approaches 40 °C, which is slightly lower than the adhesive’s
Ty (47°C, determined from the storage modulus curve).
However, it is worth mentioning that for a more detailed
analysis of these comparisons one should obtain more
experimental results, especially between 35 °C and 50 °C
(range of temperatures for which the highest reductions in

mechanical properties were observed).
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Fig. 11 — Prediction curves (and experimental results) of the tensile and shear
strength of the adhesive as a function of temperature.
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4. Numerical investigation

4.1. Introduction and objectives

The structural response of the CFRP-concrete bonded joint
stems from (i) the contribution of both interfaces (CFRP-
adhesive and adhesive-concrete), whose actual behaviour can
be defined by the corresponding non-linear bond vs. slip laws,
together with (ii) the adhesive constitutive relationship
(mainly its behaviour under pure shear). However, due to the
complexity of the characterization of such interfaces and
materials (especially at elevated temperatures), most of the
studies available in the literature simulate the bond behaviour
between concrete and CFRP by simplified/global laws,
representatives of the overall response of the joint.

The study presented in this section comprised the
numerical simulation of double-lap shear tests on RC blocks
strengthened with CFRP strips, applied according to either
EBR or NSM techniques, and performed at 20 °C, 55 °C and
90 °C (tests performed by Firmo et al. [11, 13]). The main
objective of this numerical study is to simulate the mechanical
response of CFRP-concrete joints at elevated temperatures
through two different modelling strategies for the concrete-
CFRP bond behaviour: (i) explicitly simulating the adhesive
layer, using the material properties determined in this study
and neglecting the bond laws at both interfaces; and (ii)
simulating the CFRP-concrete interaction by bilinear global
bond vs. slip laws available in the literature.

To achieve the aforementioned goals, two different 3D FE
models were developed in ABAQUS [21]: (i) one model
designated as "adhesive model”, in which the temperature-
dependent mechanical properties of the adhesive presented in
section 3 (that were independently determined) were considered,
as well as those of the other materials; and (ii) the model referred
to as the "interface model”, in which the CFRP-concrete bond
was simulated through global bond vs. slip relations as a function
of temperature calibrated by Arruda et al. [16].

4.2. Brief description of previous experimental
investigations used for models’ validation

The experimental investigations performed by Firmo et al.
[11, 13] comprised double-lap shear tests on concrete blocks
strengthened with CFRP strips, applied according to either
EBR or NSM techniques, in which the same epoxy adhesive
tested in the present study (cf. section 3.1) was used as
bonding agent. The specimens were first heated up to
temperatures of 20 °C, 55 °C e 90 °C and then loaded up to
failure (maintaining the specimens at the target temperature).

Fig. 13 illustrates the geometry of the test specimens and
the details of the instrumentation. The two concrete blocks
were parallelepiped, with dimensions 120 mm x 120 mm x
350 mm, and were internally reinforced with 2¢16 steel
rebars (U-shaped, class ASO0NR) that were also used to apply
the mechanical load. The CFRP laminates were 1.4 mm thick,
20 mm wide for the EBR and 10 mm wide for the NSM, and
were bonded to the concrete by an epoxy adhesive. In the EBR

specimens the adhesive layer was 2 mm thick, whereas in the
NSM specimens, the CFRP strips were inserted into slits saw
cut in the concrete cover with 15 mm of depth and 5 mm of
width, as depicted in Fig. 13 a).

The instrumentation used in the tests allowed monitoring
the following parameters: (i) the load and cross-head
displacement of the test machine; (ii) the slip along the bonded
length of the CFRP strips (with two high-temperature LVDTSs,
positioned at the beginning and end of the bonded
length, x = 0ex = 250 mm, respectively; cf. Fig. 13c)); and
(iii) axial strains along the bonded length of the CFRP strips.
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Fig. 13 —Test specimens geometry (a, b) and detail of instrumentation (c) [11, 13].
4.3. Description of the numerical models

4.3.1. Geometry and type elements

The geometry of the FE models developed in the present
study replicated that of the test specimens presented above. In
order to reduce the computational costs, symmetry
simplifications of the model were adopted and only 1/8 of the
test specimen volume was modelled. Fig. 14 and Fig. 15
illustrate the FE meshes of the EBR and NSM specimens,
respectively, for both the a) interface and b) adhesive models.
When generating the mesh for concrete, CFRP, adhesive and
steel parts, 8-node hexahedral elements (C3D8R) were used.

a) Q

b)

Fig. 14 — EBR specimens mesh: a) interface model; b) adhesive model.



Fig. 15 — NSM specimens mesh: a) interface model; b) adhesive model.

4.3.2. Material properties

All the constituent materials were modelled as linear
(without any failure criterion); the defining parameters are
listed in Tab. 3; it is important to point out that: (i) regarding
steel, the maximum stress the reinforcement was subjected to
was less than half of its yield stress; (ii) regarding concrete,
Arruda et al. [16] demonstrated that assuming a linear elastic
model for concrete does not lead to significant losses of
precision when simulating the CFRP-concrete interaction
using global bond vs. slip relations and considerably reduces
the computational cost; and (iii) although the CFRP strips are
orthotropic ~ (comprising  mainly a  unidirectional
reinforcement), in the present application they behave
essentially in the longitudinal direction, hence, as a
simplification, the CFRP was modelled as a linear elastic
isotropic material.

Tab. 3 — Material properties at the considered temperatures.

Material T [°C] E[GPa] G[GPa] vI[]
20; 55 28.70
Concrete — C25/30 90 22 96 - 0.2
Steel — AS00NR 20; 55; 90 200.00 - 0.3
CFRP - S&P 20; 55 152.50 -
Laminates CFK 0.3
150/2000 90 147.00 -
Adhesive — S&P 20 8.21 4,61
Resin 220 Epoxy 55 0.16 0.047 0.3
Adhesive 90 0.087 0.038

4.3.3. Loading, boundary conditions and type of analysis

As referred in section 4.3.1, given the triple symmetry of
the test specimens, only 1/8 of their volume was modelled.
Hence, to insure the proper boundary conditions the following
displacements/rotations ~ were restricted: (i) vertical
displacements (y-axis) at the loaded end of the CFRP strip (cf.
Fig. 14); (ii) vertical displacements and rotations in the plane
of symmetry xz; and (iii) transverse displacements and
rotations in the plane of symmetry yz. In addition (i) a perfect
bond between the steel rebars and the concrete was assumed,;
and (ii) the extremity nodes of the steel rebars were fixed in

all directions in order to simulate the clamps of the testing
machine.

Regarding the adhesive model, a linear elastic analysis
was performed, whereas for the interface model a non-linear
analysis was adopted. On the latter model the concrete-CFRP
bond, simulated by interface contact (in which cohesive
bilinear constitutive relationships, represented in Fig. 16,
were implemented), included a damage initiation criterion
after the maximum shear stress value is attained; such
criterion corresponds to the descending branch of the bilinear
relations shown in Fig. 16; these bond vs. slip relations were
defined by the following three parameters (cf. Tab. 4):
(i) stiffness, K; (ii) maximum shear strength, 7,,; and
(iii) ultimate slip, s;,. In order to ensure control of the post-
peak structural response, a static non-linear analysis was
performed imposing applied displacements.

Tab. 4 — Adopted interface parameters for the considered temperatures.
NSM EBR
20°C  55°C 90°C | 20°C 55°C 90°C
K [MPa/mm] 300 10 3.5 350 10 3
T m [MPa] 15 8 3 9 4 15
S1o0 [mm] 0.5 0.9 0.95 0.2 0.45 0.6

Parameter

4.4. Results and discussion

4.4.1. Total load vs. slip curves

Fig. 17 depicts the numerical results of the interface and
adhesive models together with the experimental results in
terms of applied force vs. slip at the end of the bonding length
(x=250mm, cf. Fig. 13c)) for both strengthening
techniques and for all temperatures analysed.

Regarding the interface model at ambient temperature, for
both EBR and NSM techniques, the numerical models were
able to accurately reproduce the non-linear behaviour of the
curves, including the high stiffness reduction observed in the
brink of collapse. Despite the simplified constitutive model
used to simulate the concrete material (modelled as linear
elastic) the numerical results adequately reproduce the non-
linearity of the mechanical response of the bonded joint. With
increasing temperatures, besides the continuous stiffness
reduction obtained, the numerical curves presented a
behaviour closer to linear, similar to that exhibited by the
corresponding experimental curves.

Regarding the adhesive model, at ambient temperature, the
initial stiffness of the numerical curves is similar to the
experimental ones for both strengthening systems. This result
shows that, at ambient temperature and for relatively low
loads, the adhesive distortion assumes a more significant
relevance for the concrete-CFRP slip value than the sliding at
the concrete-adhesive and adhesive-CFRP interfaces (which
were not simulated in this model). Thus, it can be concluded
that, under these conditions (ambient temperature and
relatively low loads), the slip at both interfaces may be
considered negligible. As temperature increases, the stiffness
of the curves obtained from the adhesive model become



higher than the experimental ones (except for the EBR system
at 55°C), confirming the relevance of the slip at both
interfaces and its importance to the overall structural response.
Nevertheless, at 55 °C the stiffness predicted by the adhesive
model for the EBR system is very similar to the experimental
one. This result, which was not obtained for the NSM system
at the same temperature, may be related to the fact that the
interface area is lower in the EBR system (and consequently
the overall slip is less dependent on slip of the interfaces).

Tab. 5 presents the ratio between the stiffness values
predicted by the adhesive model and the experimental data
(numerical/experimental) of the NSM and EBR systems. It
can be seen that at 20 °C the ratio of both systems is close to
unity, thus confirming that the slip at both interfaces may be
considered negligible; however, at 90 °C the ratio is between
3.1 and 5.2 times higher, which confirms the increasing
relevance of slip at the bonded interfaces at elevated
temperature for both strengthening techniques.

Tab. 5— Ratio between the adhesive model and the experimental stiffness.

20°C 55°C 90 °C
EBR 1.0 0.7 31
NSM 13 2.6 5.2

4.4.2. Strain distributions in the CFRP strips

Fig. 18 to Fig. 21 present the axial strain distributions
along the CFRP bonded length obtained from the interface and
adhesive models, for different fractions of the failure load and
for temperatures up to 90°C; in these figures, the
experimental results are plotted as dotted lines and the
corresponding numerical curves as continuous lines.

Regarding the interface model, the figures show that there
is a good agreement between experimental and numerical
results. The global bond vs. slip relations allowed to simulate
the non-linear response of the corresponding curves at
ambient temperature, with null deformations at the beginning
of the CFRP strip and a peak at the opposite extremity (x = 0
and x = 250 mm, respectively; cf. Fig. 13 ¢)). For elevated
temperatures, it can be seen that the axial strain distributions
along the bonded length become closer to linear (i.e., there is
no longer a peak at the top extremity of the CFRP strip) and a
reduction of the overall magnitude of the strain distributions
as temperature increases. These results are mainly explained
by the stiffness reduction of the adhesive and the consequent
smoothing of the shear stress and strain distributions along the
bonded joint.

Regarding the adhesive model, although there is a
reasonable agreement between experimental and numerical
results in term of the maximum strain at the end of CFRP strip
(x = 250 mm, cf. Fig. 13 ¢)), the linearization of the strain
distributions along the bonded length with increasing
temperatures is not so pronounced as in the experimental
curves. In fact, as expected, since the adhesive model exhibits
a stiffer behaviour, the strain distributions show a more
pronounced increase near the end of the bonded length. Yet,

the reduction of the peak value with the temperature increase
can still be seen. It should also be noted that, overall, the
values of the strains along the bonded length provided by the
adhesive model are slightly lower than the experimental ones,
with those differences being higher for the NSM technique.

5. Conclusions

From the results obtained in the experimental study, the
following main conclusions can be drawn:

1. As expected, the mechanical properties of the epoxy
adhesive presented considerable reductions  with
increasing temperature, specially within the range that
includes the glass transition process (between 35 °C and
50 °C);

2. The mechanical response of the adhesive (in both tension
and shear) was significantly affected by temperature:
whereas a brittle behaviour (linear up to failure) was
obtained at ambient temperature and a markedly non-
linear response was observed at higher temperatures,
especially at 50 °C and 70 °C;

3. The ultimate deformation capacity under tensile and shear
stresses exhibited a non-monotonic variation with
temperature (i.e., it increased from 35 °C to 50 °C, and it
decreased for higher temperatures), unlike the tensile and
shear strengths, which decreased monotonically with
increasing temperature;

4. For temperatures higher than the Ty, the degradation of the
stiffness properties is significantly more pronounced than
that exhibited by the corresponding strengths — becoming
almost negligible beyond 50 °C;

5. The model proposed by Gibson et al. [19] was able to
accurately simulate the reduction with temperature of the
mechanical properties determined in the experimental
campaign.

Regarding the results obtained in the numerical study, the
following main conclusions can be drawn:

1. Asexpected, the results obtained from the interface model,
presented a very good agreement with experimental data
in terms of total load vs. slip response and strain
distributions in the CFRP strip along the bonded length;

2. At ambient temperatures, the results obtained from the
adhesive model predicted accurately the total load vs. slip
response for relatively low loads, which indicated that the
slip at both interfaces may be considered negligible; on the
other hand, at higher temperatures, the difference between
the experimental and numerical results pointed out and
allowed quantifying the relevance of the occurrence of slip
at the concrete-adhesive and adhesive-CFRP interfaces.

3. Regarding the strains in the CFRP along the bonded
length, both numerical models were able to accurately
simulate the non-linear response observed at ambient
temperature, as well as the strain linearization along the
bonded length with increasing temperatures.
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