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Abstract: Fiber-reinforced polymer (FRP) bars are increasingly used as a substitute for steel re-
inforcements in the construction of concrete structures, mainly due to their excellent durability
characteristics. When FRP bar-reinforced concrete (referred to as FRP-RC for simplicity) members are
used in indoor applications (e.g., in buildings), the fire performance of FRP-RC members needs to be
appropriately designed to satisfy safety requirements. The bond behavior between the FRP bar and
the surrounding concrete governs the composite action between the two materials and the related
structural performance of the FRP-RC flexural member that will be affected when exposed to fire.
However, there is a lack of reliable numerical models in the literature to quantify the effect of bond
degradations of the FRP bar-to-concrete interface at high temperatures on the fire performance of
FRP-RC flexural members. This paper presents a three-dimensional (3D) finite element (FE) model of
FRP-RC flexural members exposed to fire and appropriately considers the temperature-dependent
bond degradations of the FRP bar-to-concrete interface at high temperatures. In addition, the thermal
properties of concrete and FRP bars are considered in the heat transfer analysis to predict the cross-
sectional temperatures of the FRP-RC members under fire exposure. In the FE model, the mechanical
properties and constitutive laws of concrete and FRP bars at high temperatures in addition to the bond
degradations between them have been properly defined, thereby accurately predicting the global and
local structural responses of the FRP-RC members under fire exposure. The proposed FE model has
been validated by comparing the FE predictions (both temperature and midspan deflection responses
during fire exposure) and the full-scale fire test results reported in the literature. The validated
FE model is then used to study the effects of bond degradations on the global and local structural
responses of the FRP-RC members under fire exposure. It is proved that the temperature-dependent
bond degradations need to be considered to achieve accurate predictions of the failure mode and
deflection responses.

Keywords: flexural members; FRP bar; fire performance; bond degradations; high temperatures

1. Introduction

Fiber-reinforced polymer (FRP) bars are increasingly used as a substitute for steel
reinforcements in the construction of concrete structures, mainly due to their excellent
durability properties. In the literature, a large number of studies have been conducted
on the performance of FRP bar-reinforced concrete (referred to as FRP-RC for simplicity)
members at ambient temperature [1-4], and the related design provisions have been
specified in the current design guidelines [5,6]. However, the FRP-RC members are likely to

Polymers 2022, 14, 346. https:/ /doi.org/10.3390 /polym14020346

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym14020346
https://doi.org/10.3390/polym14020346
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-2187-3615
https://doi.org/10.3390/polym14020346
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym14020346?type=check_update&version=1

Polymers 2022, 14, 346

20f22

be exposed to fire hazards during their service life, especially when these members are used
in indoor applications (e.g., in buildings) [7-10]. Under high-temperature exposure in a fire,
the material properties of FRP bars and concrete as well as the bond behavior between them
will usually be significantly reduced [11,12], possibly leading to a significant reduction in
the load-carrying capacity of the FRP-RC members [13,14]. Therefore, fire performance of
the FRP-RC members is an essential issue in the design process and should be properly
considered to meet the requirements specified in the current design guidelines [5,6].

Existing studies in the literature mainly focus on the mechanical and bond properties
of externally bonded FRP laminates at high temperatures [15-28] and the related fire
performance evaluation of FRP-strengthened RC members [29-41], while relatively limited
information is available on the fire performance of FRP-RC members. A number of fire
tests have been carried out on full-scale FRP-RC flexural members under standard fire
exposure conditions [42-46]. The test results have indicated that if the FRP-RC member is
properly designed (such as using a thick concrete cover and/or well-protected anchorage
zone), it can achieve a satisfactory fire-resistance rating. Moreover, it is generally believed
that the fire resistance period of the FRP-RC flexural member is lower than that of the
corresponding conventional steel-RC member. This is because compared with steel bars,
the FRP bars exhibit more significant reductions in the mechanical and bond properties at
high temperatures. Apart from the fire tests, some numerical or finite element (FE) models
are also proposed in the literature to predict the fire performance of FRP-RC flexural
members [14,47-51]. The numerical and test results provided in the existing literature have
promoted a good understanding of the thermal and structural responses of FRP-RC flexural
members under fire exposure [51,52].

It is noteworthy that under fire exposure, high thermal stresses may be generated
at the interface between the FRP bar and the surrounding concrete cover, mainly due
to the different thermal expansion coefficients between FRP and concrete. When the
thermal stress increases to the tensile strength of the concrete cover during fire exposure,
it will be partially cracked, resulting in the weakening of the bond between FRP and
concrete [53,54]. Moreover, the existing literature has indicated that the bond strength
degradations between the FRP bars and the surrounding concrete at high temperatures are
more severe than the mechanical property reductions of the FRP bars [11,55-57]. Therefore,
the bond behavior between the FRP bars and the concrete plays a crucial role in governing
the load transfer between FRP and concrete as well as the structural responses and fire
performance of FRP-RC flexural members [58,59]. However, almost all existing numerical
and FE studies [14,47-51] neglect the influence of bond degradations at high temperatures
on the fire performance of FRP-RC flexural members. The proposed FE model is expected
to act as a reliable computational tool for the parametric study of FRP-RC flexural members
under fire exposure. Based on the parametric study results, a rational design method will
be established for the fire resistance design of FRP-RC flexural members in the future.

Given the above research background, this paper has proposed a three-dimensional
(3D) FE model to study the effect of bond degradations of the FRP bar-to-concrete interface
at high temperatures on the fire performance of FRP-RC flexural members. The FE model
has appropriately considered the constitutive laws of FRP and concrete as well as their
bond interface at high temperatures, and therefore, it is expected to accurately predict the
thermal and structural responses of FRP-RC flexural members under fire exposure. Then,
the proposed FE model is verified by comparing the FE results with the test data of the
full-scale fire tests in the literature. The validated FE model is further used to study the
effect of the interfacial bond degradations at high temperatures on the fire performance of
FRP-RC flexural members. The results have indicated that the consideration of the bond
degradations of the FRP bar-to-concrete interface can capture the pull-out failure mode of
the FRP bars and yields more accurate predictions of the deflection responses of FRP-RC
flexural members under fire exposure.
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2. Procedure of the FE Model
2.1. Modeling Procedure

The modeling procedure of the FRP-RC members in fire includes two main steps:
heat transfer analysis and mechanical analysis. Heat transfer analysis is used to determine
the cross-sectional temperature distributions of the FRP-RC flexural member under fire
exposure, while the mechanical analysis takes the cross-sectional temperature distributions
as the initial state to determine the structural responses. In other words, the modeling
procedure follows a sequential thermo-mechanical analysis in which it is assumed that the
results of the mechanical analysis have no effect on the heat transfer analysis of the same
FRP-RC member under fire exposure. This sequential thermo-mechanical analysis was also
successfully adopted by the corresponding author for predicting the fire performance of
RC beams and insulated FRP-strengthened RC beams [39,60,61]. The following subsections
give the details of the thermal properties of concrete and FRP bars and the boundary
conditions considered in the heat transfer analysis, while the modeling of the temperature-
dependent constitutive laws of the material and bond properties of concrete and FRP bars
at ambient and high temperatures for the mechanical analysis will be provided in detail in
the next sections.

2.2. Thermal Properties of Concrete and FRP Bars

The thermal properties of concrete have been extensively studied in the literature,
including thermal conductivity, specific heat capacity, and density at high temperatures.
The temperature-dependent changes of these parameters are provided in current design
guidelines, such as EN 1992-1-2 [62]. It provides design formulas for the specific heat
capacity of concrete made of siliceous and calcareous aggregates at high temperatures
(Figure 1a). By considering the heat absorption of water evaporation, the increase in the
specific heat is considered at 100-115 °C, depending on the moisture content of the concrete.
Figure 1a shows the changes in the peak specific heat capacity of concrete with different
moisture contents of 0, 1.5, and 3%. For other moisture contents, linear interpolation can be
used to calculate the peak value. Figure 1b shows the upper and lower bound limits of the
thermal conductivity of ordinary concrete at ambient and high temperatures. In this study,
each of the lower and upper bound limits has been incorporated into the heat transfer
analysis to determine which one is more accurate to achieve a closer agreement with the fire
test results. Through a trial-and-error analysis, the lower bound limit usually yields more
accurate temperature predictions of FRP-RC flexural members under fire exposure. More
details of the temperature predictions are given in Section 6. A similar method was also
adopted by Hajiloo and Green [47] to obtain a reliable definition of the thermal conductivity
of concrete at high temperatures. The density of concrete is considered to be 2300 kg/m?,
which is usually assumed to be constant at high temperatures [47,61].

Limit information is available on the thermal properties of FRP composites at high
temperatures. In the heat transfer analysis, the temperature-dependent thermal properties
(i.e., thermal conductivity, specific heat capacity, and density) of FRP bars are determined
based on the experimental results reported by Griffis et al. [63]. Such thermal properties
of FRP composites were also used in previous numerical and FE studies to predict the
temperature responses of RC members with externally bonded or internally reinforced FRP
reinforcements [29,39,41,47].
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Figure 1. Thermal properties of concrete at high temperatures: (a) specific heat capacity; (b) thermal
conductivity.

2.3. Definitions of the Boundary Conditions for Heat Transfer Analysis

The heat exchange between the hot fluxes of fire and the surfaces of the FRP-RC
member is realized through heat convection and heat radiation, which is controlled by the
Robin boundary conditions as follows:

oT

where k is the thermal conductivity, n is the normal direction of the surface, and g. and g,
are the heat fluxes produced by heat convection and heat radiation, respectively, which can
be described as follows:

9 = he(T = Ty) @)

g = emsf(r{(T ~ T - (Tf - Tzﬂ 3)

where 1. is the convective heat transfer coefficient, i = 25 W/(m?-K) is used for the sur-
faces of the FRP-RC member exposed to fire, and h, = 9 W/(m?-K) for the unexposed
surface [64,05]. e, represents the thermal emissivity of the member surface, and ¢ 1 rep-
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resents that of the hot fluxes of fire, which are determined to be 0.8 for concrete and 1.0
for the standard fire conditions as per EN 1991-1-2 [64]. T is the hot flux temperature of
the fire, T is the surface temperature of the FRP-RC member, and T, is the absolute zero
temperature. ¢ is the Stefan-Boltzmann constant and is equal to 5.67 x 108 W/(m?-K%).

The heat transfer within the FRP-RC member is realized by heat conduction, which is
described by the following equation:

T
kV2T44w%?::O (4)

where p and c are the density and specific heat capacity, respectively, and ¢ is the fire-
exposure time. The solution of Equation (4) can be obtained by the above boundary
conditions and initial temperature distribution. The latter at t = 0 is described as:

T(x,y, z, t)]|t=0 = To(x, ¥, z) ®)

3. Modeling of Concrete and FRP Bars at High Temperatures
3.1. Concrete

The concrete damaged plasticity (CDP) model provided in ABAQUS 6.14 [66] soft-
ware (Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI, USA) was used as a theoretical
framework to model the behavior and failure of concrete at ambient and high temperatures.
The CDP model adopts the concepts of isotropic damage elasticity and isotropic tensile
and compressive plasticity to represent the inelastic behavior of concrete. The theoretical
framework of the CDP model includes the accurate definitions of the damage variable, the
yield surface (i.e., criterion), the hardening/softening rule, and the flow potential function.
The yield surface used to describe the constitutive law of concrete was originally proposed
by Lubliner et al. [67] and later modified by Lee and Fenves [68], which is defined as a
function of the effective stress tensor (') and equivalent tensile and compressive plastic

. 1
strains ('éf and '521) as follows:

F@d, &) = 7= (ah+ V3 + BOma) = 1{—Tma)) — (&) ©)
where [; is the first stress invariant; |, is the second deviatoric stress invariant; Tmax
and 0 are the algebraic maximum eigenvalue and uniaxial compression of 7; and ( ) is
the Macaulay bracket, (x) = (x + |x|)/2. The dimensionless material constants & and
B in Equation (6) can be calculated based on the uniaxial compressive yield stress fco T,
equibiaxial compressive yield stress fy 7 and uniaxial tensile yield stress f;o r. More
details of the calculation formulas for « and 8 at high temperatures can be found in Gao
et al. [61]. Interestingly, as the high temperature increases, the yield surface is changed
from a nearly oval shape to an “egg-shape” due to the fact that the uniaxial compressive
strength decreases faster than the biaxial compressive strength at high temperatures. The
parameter 7 is not required except for the concrete under a triaxial compression loading,
i.e., the stress state of Timax < 0. The expression of - is defined as a function of K. as follows:

L 30K -

2K, —1
where K. represents the ratio of the second stress invariant on the tensile meridian to that
on the compressive meridian and is determined as 2/3 by default. The non-associated flow
rule is used to define the flow potential function G in the CDP model, which is expressed
by the following Drucker-Prager hyperbolic function:

I tanyp

G= \/(ftO,Ttan¢€)2+3]2+ 3

®)
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In the above equation, 1 is the dilation angle and ¢ is the flow potential eccentricity.
In this study, ¢ = 36° is determined based on an initial trial-and-error analysis using the
proposed FE model to obtain excellent consistency with the fire test results. € = 0.1 is
determined as the default value suggested by the ABAQUS user manner [66]. In addition,
the CDP model does not include damaged variables because the fire tests of the FRP-RC
flexural members simulated in this study were carried out under constant service loadings,
and therefore, the loading and failure of concrete do not involve the loading/unloading
process. Such a consideration was also adopted in the previous study to predict the
structural responses of RC beams under fire exposure [61].

The hardening/softening rule controls the subsequent evolution of the yield surface
and failure mode of concrete at ambient and high temperatures, which is related to the
uniaxial compressive and tensile stress—strain curves of concrete. Under uniaxial com-
pression at ambient and high temperatures, concrete behavior is defined according to the
stress—strain relationship specified in EN 1992-1-2 [62]. It is worth noting that the initial
stress—strain relationship is considered to be linear elastic when the compressive stresses
at each temperature are less than 0.33 times the corresponding compressive strength of
the concrete. Figure 2a shows the compressive stress—strain curves of concrete at ambi-
ent and high temperatures, where the high-temperature stresses are normalized by the
ambient-temperature compressive strength. The tensile behavior of concrete is assumed
to be elastic before cracking occurs. Concrete cracks are simulated by using a smeared
crack approach in combination with the crack band model in which the tensile stress within
the crack band gradually decreases with the cracking opening displacement [61]. In other
words, post-peak stress behavior is defined by the softening branch (i.e., tensile softening
behavior), which is described as the tensile stress versus the cracking opening displacement
curve at each temperature (see Figure 2b for more details). In addition, the tensile stresses
at different temperatures are normalized by the tensile strength at ambient temperature
for a clear presentation. It is noteworthy that the area enclosed by the normalized tensile
stress versus the cracking opening displacement curve is proportional to the fracture energy
of concrete, which is assumed to be constant at ambient and high temperatures [61]. In
addition, the curve of the tensile stress versus the crack opening displacement is used in the
FE model instead of the tensile stress—strain curve to achieve a mesh-insensitive solution,
as explained in detail in the numerical study of RC beams under fire conditions conducted
by the corresponding author [61]. When the cracking opening displacement is larger than
the calculated displacement corresponding to the zero tensile stress at each temperature, a
residual tensile stress of 5% tensile strength is also considered to avoid possible difficulty
in achieving numerical stability.
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Figure 2. Cont.



Polymers 2022, 14, 346

7 of 22

1.0 r r r r r T

(b) i i i i [—20-100°c
: : : : 200 °C
t]- - +300°C
{|= =400°C
t|= - 500°C
| 600 °C
, 700 °C
il- - so00°C

-----------------------------------------------------

.........................................................................

Normalized stress

-----------------------------------------

0.2 0.3
Crack opening displacement (mm)

Figure 2. Mechanical properties of concrete at ambient and high temperatures: (a) normalized

compressive stress—strain curves; (b) normalized tensile stress—crack opening displacement curves.

3.2. FRP Bars

Some tensile tests were carried out on FRP bars at ambient and high temperatures, and
the results showed that the mechanical properties such as the tensile strength and elastic
modulus of FRP bars decreased at moderately high temperatures [49,69,70]. The tensile
stress—strain curves measured at different temperatures were almost elastic before the
tensile rupture of the FRP bars. The reductions of the mechanical properties of the FRP bars
were affected by the type of FRP bar and the polymer matrix, the volume ratio of the FRP
fibers, and the curing conditions. Figure 3 collects the experimental data of the previous
tensile tests of GFRP bars in the literature [49,69,70], and the measured results show large
dispersion with the temperature changes. In the present study, the material models of
GFRP bars proposed by Bilotta et al. [49] are used to describe the tensile strength and
stiffness degradations at high temperatures since all fire tests of FRP-RC flexural members
simulated by the FE model for validation are made of GFRP bars. As shown in Figure 3, the
two rapid reduction processes at around 100 and 400 °C are related to the glass transition
and decomposition processes of the polymer matrix, as explained by Reid et al. [71]. It
should be noted that more tensile tests are needed to investigate the mechanical property
degradations of FRP bars at high temperatures, and more accurate material models are
needed to accurately describe the reductions in the tensile strength and elastic modulus at
high temperatures.
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Figure 3. Cont.
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Figure 3. Retained mechanical properties of GFRP bars at high temperatures: (a) tensile strength; (b)
elastic modulus [49,69,70].

4. Modeling of the Bond Behavior at High Temperatures

The bond interaction between the FRP bar and the surrounding concrete governs
the load transfer between the two materials, which is usually described by the local bond
stress—slip relationship at the FRP bar-to-concrete interface. Due to the bond action, the
FRP bars located between two adjacent concrete cracks have a stiffness contribution to the
tensile behavior of the concrete between the two cracks. This phenomenon is termed the
“tension-stiffening” effect [72,73], and it significantly influences the deformation behavior of
the FRP-RC flexural member, especially in the post-cracking stage. Such a tension-stiffening
effect can be appropriately reflected by accurately simulating the bond-slip behavior of
the FRP bar-to-concrete interface of the FRP-RC flexural member under bending loads. In
the literature, some analytical studies were carried out to derive the local bond stress—slip
behavior of the FRP bar-to-concrete interface at ambient temperature [74-76]. Among them,
the Bertero-Popov-Eligehausen (BPE) model, originally proposed by Eligehausen et al. [77]
for describing the local bond—slip relationship of deformed steel bars, was used by Cosenza
et al. [74] and Rossetti et al. [75] to describe the bond-slip behavior of FRP reinforcing bars.
In addition, a modified BPE model (mBPE) was proposed in previous studies [74,75] in
which a two-branch model without a peak bond stress plateau was adopted. The effect of
the surface treatment of FRP bars was considered by both the BPE and mBPE models, but
the effects of the fiber type and bar diameter were ignored. Cosenza et al. [76] proposed
a new model (i.e., the Cosenza—Manfredi—Realfonzo (CMR) model) to better describe the
ascending branch of the bond-slip relationship.

At high temperatures, some pull-out tests on FRP bars have indicated that the de-
creases in the bond strength are more severe than the corresponding reductions in the
tensile strengths of the same FRP bars [11,12,58]. In other words, the bond behavior of the
FRP bar-to-concrete interface at high temperatures is the most crucial factor that governs
the fire performance of FRP-RC flexural members [78]. Moreover, the loss of the bond
action between FRP bars and concrete at high temperatures may lead to pull-out failure
(i.e., anchorage failure) of FRP bars, resulting in a possible sudden collapse of the FRP-RC
member in a fire. However, there is very limited information about the local bond-slip
model that can be used to describe the bond behavior of FRP reinforcing bars at high
temperatures [79]. Only Aslani [79] proposed a local bond-slip relationship to describe
the interfacial behavior of GFRP bars in concrete at high temperatures. In the proposed
model, the effects of some design parameters including the concrete compressive strength,
bar diameter, embedment length, and concrete cover depth were considered. The accuracy
of the proposed bond-slip model was only validated by a limited database of bond-slip
curves measured by the pull-out tests. However, due to the lack of information available in
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the literature, the bond-slip model proposed by Aslani [79] is still used in the FE model to
define the local constitutive law of the GFRP bar-to-concrete interface at high temperatures.
Once more test data are available, it will be necessary to develop a more accurate bond-slip
model that can be incorporated into the proposed FE model to more precisely describe
the interfacial bond behavior at high temperatures. The bond-slip model proposed by
Aslani [79] is based on the mBPE model, which consists of two branches, namely, the
ascending branch before attaining the peak bond stress and the softening branch. The two
branches of the local bond-slip model are expressed by the following equations:

it
T S
=T _ ( > S < Smax, T )
Tmax, T Smax, T
T S—S
2 =1- p( R T) S > Smax, T (10)
Tmax, T Smax, T

where T, 1 is the bond stress at temperature T; s is the local interfacial slip; a is a curve-
fitting parameter with the value less than 1; Tr,y, T is the peak bond stress at temperature
T; smax, T is the slip corresponding to the peak bond stress T,y 7; and p is determined
based on the curve-fitting of test data. Timax, T and smax, T are computed by the following
equations (i.e., Equations (11)—(14)).

Tmax,T | 1 T =20°C an
Tmaxo | 126 —0.0063 x T+7x107-T? 20°C < T < 350°C
Tmax,T _ 1 T=20°C (12)
Tmax,0 989 —0.00025 x T —3 x 107°- T2 20°C < T < 350°C
Smax,T _ [ 1 20°C (13)
Smax,0 0.9739 — 0.0019 x T —3 x 1072 - T2 20°C < T < 350°C
Smax,T _ 1 20°C (14)
Smax,0 0.9219 — 0.001 x T —5x 107¢.T? 20°C < T < 350°C

In above equations, Tmax, T and smax, T have two different expressions depending on
the tensile strength of GFRP bars at ambient temperature (fm0). That is, Equations (11)
and (13) are used for the cases of 500 < f 0 < 1000 MPa, while Equations (12) and (14)
are adopted for the cases of 1000 < fpm 0 < 1500 MPa. The parameter Tmax,0 in Equations
(11) and (12) can be calculated as follows:

c

0.6
d
Tmax,0 = [0.55(1%) +3T: (fcm,o)0‘52 (15)

where fom, o is the concrete compressive strength at ambient temperature (MPa); d;, is the
diameter of the GFRP bar (mm); and /; is the embedment length (mm); c is the concrete
cover which is determined as the smaller one of the centroid of the bar to the nearest surface
or the half of the center-on-center spacing of the GFRP bars (mm). smax0 can be computed
by Equation (16), which is a modified version of Baena et al.’s [80] model.

Smax,0 = mOe(mldb) (16)

where m( and m; are two curve-fitting parameters, which are determined as 0.01 and 0.291,
respectively [79].

5. Element Type, Interface, and Boundary Conditions

In the FE model, four parts, i.e., the concrete section, FRP bars and loading plates,
and the supporting plates of the FRP-RC flexural member, need to be simulated. In the
heat transfer analysis, the eight-node linear heat transfer solid element with a temperature
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degree of freedom (DC3D8) and the two-node heat transfer link element (DC1D2) provided
by the ABAQUS software were used to model the concrete section and the GFRP bars,
respectively. In other words, the loading plates and the supporting plates were not modeled
in the heat transfer analysis. For the mechanical analysis, the eight-node solid element with
reduced integration and hourglass control (C3D8R) was adopted to model the concrete
section, the loading plates and the supporting plates, while the two-node linear 3D beam
element (B33) was used in modeling the GFRP rebars. The nonlinear spring element was
used to simulate the bond-slip behavior along the two tangential directions of the FRP
bar-to-concrete interface in the mechanical analysis. For the normal behavior of the spring
elements, the interaction between the GFRP bar and the concrete cover was defined by
setting a large stiffness almost equal to the elastic stiffness of the concrete. The mesh size
of all the solid elements was determined as 50 x 50 x 25 mm based on the convergence
study, and the corresponding element size was adopted for the beam and spring elements.
It should be noted that the configurations of all the nodes and elements between the heat
transfer analysis and the mechanical analysis are the same. Therefore, the results of the
cross-sectional temperature distributions generated by the heat transfer analysis can be
used as an initial condition that can be properly applied to the corresponding time step of
the mechanical analysis.

The loading plates were tied to the top surface of the flexural member, and the service
loads acting on the member during the fire exposure were applied to the reference points
on the loading plates. The supporting plates were attached (tied) to the bottom of the
flexural member to ensure that there was no slip at the interface between the supporting
plates and the concrete surface during the loading and fire process. The pinned boundary
conditions were assigned at the reference points at the bottom of the supporting plates
during the entire fire test.

6. Results and Discussion

Two series of fire tests conducted by Hajiloo et al. [42] and Nigro et al. [43] were
selected to validate the proposed FE model. The reason for choosing these fire tests for
validation is that all the material properties required to define the constitutive models
of GFRP bars and concrete at high temperatures are reported in detail in their original
studies. In addition, the procedure of fire tests in the previous studies is well reported
by the authors. Table 1 summarizes the geometric and material properties of the tested
specimens. In this table, the bond properties of S1-53, including the peak bond stress,
Tmax,0, and the interfacial slip, smax 0, are computed by the local bond-slip model proposed
by Aslani [79], as explained in Section 4. Moreover, Hajiloo and Green [78] conducted a
series of pullout tests to determine the temperature-dependent bond behavior of the GFRP
bars used in the slab GA, which generated more accurate values of the bond strengths at
ambient and high temperatures. Therefore, the measured values of Tay, T based on the
pull-out tests [78] are directly used here to define the bond—slip behavior of the slab GA,
while the interfacial slip smax, T is still calculated by the local bond-slip model proposed by
Aslani [79]. It is worth noting that the calculation of spyax 0 needs an embedded length /;,
which is determined as 5 dj, according to previous research [70,78] if the length of the GFRP
bars used in the fire test is higher than 5 d;,. Figure 4a,b depict the temperature-dependent
bond-slip relationships that are incorporated into the proposed FE model for modeling
the fire tests conducted by Hajiloo et al. [14] and Nigro et al. [15], respectively. In addition,
the coefficients of thermal expansion of the GFRP bars and the concrete are considered
tobe a. =7.5 x 107°/°C and ap =70 x 10~¢/°C, which are determined according the
suggestion provided by Hajiloo et al. [47].
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Table 1. Geometric and material properties of the tested specimens.

. Geometry P GFRP Bar . .
a C
Specimen (mm) (mm) Applied Load Material Property Bond Property
I'=3900 Tensile:
b=1200 $16@100 (longitudinal) feo =289 MPa Tmax,0
h =200 $13@200 (transverse) fro =28 MPa =17.33 MPa
Slab GA c=68 Compressive: 19.1kN/m fp,g = 1500 MPa Smax,0
I, = 3840 $13@220 (longitudinal) Epp =66 GPa =0.81 mm
I = 3500 ®13@200 (transverse)
Tensile:
$12@150 (longitudinal)
Slab S1 P12@200 (transverse) 1 1o (Selfweight)
Compressive:
$12@200 (longitudinal)
$12@200 (transverse)
I'=3500 Tensile: feo =38.6 MPa Tmax0
l’h = 112;(;) ®12@150 (longitudinal) fio=32MPa =10.63 MPa
= ®12@200 (transverse) fp0 =1000 MPa Smax,0
Slab 52 c=32 Compressive: 2x 17.5kN Ep, =50 GPa =0.33 mm
In = 3200 ®12@200 (longitudinal)
Iy = 3000 ®12@200 (transverse)
Tensile:
$12@225 (longitudinal)
Slab S3 $12@200 (transverse) 2 % 175 kN

Compressive:
$12@200 (longitudinal)
$12@200 (transverse)

Notes: @ Slab GA was tested by Hajiloo et al. [42], while the slabs S1, S2, S3 were taken from Nigro et al. [43].
b ] total length, b—slab width, h—slab height, c—concrete cover (defined as the distance from the slab bottom to
the centroid of the GFRP bars), I,—slab span, l;—fire-exposed span. € f.o and f—compressive strength and
tensile strength of concrete at ambient temperature; fj, 0 and E, g—tensile strength and elastic modulus of GFRP
bars at ambient temperature.

Bond stress (MPa)

Slip (mm)

Figure 4. Cont.
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Bond stress (MPa)

Slip (mm)

Figure 4. Local bond-slip model used in the FE model: (a) Slab GA; (b) Slabs S1, S2, and S3.

6.1. Hajiloo et al.’s Tests

Hajiloo et al. [42] conducted fire tests on two full-scale GFRP bar-reinforced concrete
slabs exposed to the ASTM E119 standard fire. The concrete cover depth of the slabs
was set as 60 mm to ensure that a fire-resistance rating of 2 h could be achieved as per
the current design guideline of Canada [6]. The geometric and material properties of the
two slabs were the same except for the different surface treatment methods used for the
GFRP bars (i.e., GA denoted the sand-coated GFRP bars while GB denoted the helically
wrapped GFRP bars with the sand coating). A uniformly distributed load of 19.1 kN/m
was applied on the top surface of each slab, which induced a bending moment of 45 kN-m
at the midspan section. In this paper, only the fire test results of the slab GA are used to
validate the proposed FE model since similar test results of the two slabs are reported in
the original study [42]. As shown in Table 1, the slab GA has a total length of 3900 mm, a
width of 1200 mm, and a thickness of 200 mm. During the fire test, the central 3500 mm
span is exposed to the fire, while the two ends of the slab are simply supported on the
furnace walls with a 200 mm length at each end unexposed to fire. Figure 5 shows the mesh
configuration, uniformly distributed loads, and simply-supported boundary conditions of
the slab GA that are adopted in the FE simulation.

Figure 5. The details of the created 3D FE model of the slab GA.
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6.1.1. Temperature Responses

Figure 6 compares the predicted temperatures at different concrete depths and the
corresponding measured results during the entire fire test. It can be seen from the figure
that the temperatures measured at a concrete depth of 60 mm exhibit a temperature plateau
at around 100 °C, possibly due to the migration and evaporation of moisture during the
heating process. Therefore, the FE predictions underestimate the test results slightly in
the first 40 min of fire exposure. However, such temperature underestimation has little
impact on the fire resistance evaluation of the GFRP bar-reinforced concrete slab due to
the almost unchanged mechanical properties of concrete and GFRP bars at relatively low
temperatures (e.g., at around 100 °C). During the entire fire test, the maximum deviation of
FE predictions is observed at a concrete depth of 20 mm, which is about 10% lower than
the measured results. This deviation is acceptable for the temperature distribution analysis
in a practical fire resistance design of structural components. Overall, the FE predictions
agree well with the test data, indicating that the heat transfer analysis in the proposed FE
model is accurate and reliable.

o Test-20mm ; ; ;
800+ A Test-40mm |-------d--omomooooooood R GRCEECEEEE beeeee-
v Test-60mm 1 1 1

—— FEM-20mm ‘ | 1
= = FEM-40mm ] 5 ooo!
600 /- .. - FEM-60mm 1 e s

400 ----memeeeee LN

Temperature (°C)

200 4----- A --------- 5 y -------- --------------- -------

f f T
0 40 80 120 160
Fire-exposure time (min)

Figure 6. Temperature comparisons between the FE predictions and the measured results.

6.1.2. Structural Performance

Figure 7 shows the midspan deflection responses of the slab as a function of the fire-
exposure time. It should be noted that the main difference between the current FE model
and the one proposed by Hajiloo et al. [47] is that the local bond-slip behavior at high
temperatures is considered in our model, while a perfect bond assumption was adopted
in Hajiloo et al.’s [47] study. The comparisons in Figure 7 show that the FE predictions
of the midspan deflection responses are consistent with the results recorded in the fire
test. Moreover, it is observed that the FE predictions of the midspan deflection responses
with the local bond-slip consideration are slightly higher than those with perfect bond
consideration until the tested slab is close to the failure under fire exposure. The main
reason is that the load level applied on the slab during the fire test is relatively low, which
yields the maximum tensile stress of about 160 MPa in the GFRP bars (i.e., only 10% of the
corresponding tensile strength of the GFRP bars at ambient temperature) [42]. Since the
deflection measured after 3-h fire exposure was small, the applied loads were gradually
increased from 19.1 kN/m to 23.2 kN/m and the measured deflections grew quickly until
the anchorage failure of the GFRP bars (i.e., the observed partial pull-out failure of the
GFRP bars at the anchorage zone through a concrete cutting saw after fire test [42]). The
FE predictions with the bond degradation consideration can predict the anchorage failure
with an abrupt increase in the deflection responses, which are consistent with the measured
results. However, the perfect bond consideration cannot give accurate predictions of the
deflection responses when the applied loads are increased, demonstrating that a reliable



Polymers 2022, 14, 346

14 of 22

temperature-dependent bond-slip model is needed for the deflection responses and the
fire resistance evaluation of FRP-RC flexural members, especially when they are under
moderate or high service load levels.

100

- - : -
—— Bond degradation ; ;
- = -« Perfect bond
o
— sl Testgiata _____________________________________ a
€ :
£
c
Ke] 1 | H ] .
*8‘ 60 [---------o- ARt S - i
= ! : SRR a]
k3 : - o
© ' - " a o
= 0 ' =" i p B :
3 <o O : :
) “
= E : : :
20 [ f oo SR — EE— S ]
0 l L | L
0 40 80 120 160 200

Fire-exposure time (min)
Figure 7. Measured deflections versus FE predictions of slab GA.

6.1.3. Local Interfacial Slip Responses

The advantage of the proposed FE model is that it can reflect the local behavior of the
GEFRP bar-to-concrete interface at high temperatures, which is usually not easily measured
with instruments during the fire test. Such local behavior is beneficial for explaining the
anchorage failure mode of GFRP bars in the tested slab. Figure 8 shows the interfacial slip
distributions along the length of the middle tensile GFRP bar at various fire-exposure times.
In the initial time before the fire test (i.e., t = 0 min), the slips are almost anti-symmetrically
distributed along the whole length of the GFRP bar, and the values of the applied load-
induced interfacial slips are very small. As expected, the interfacial slips continue to
increase with the fire-exposure time, mainly due to the high-temperature effects on the
bond behavior of the FRP-to-concrete interface. In fact, the high temperatures during fire
test have two different effects on the interfacial slip distributions, i.e., those caused by the
interfacial thermal stresses and the bond degradations at high temperatures. The former is
induced by the different thermal expansions of the GFRP bar and the surrounding concrete,
while the latter is the load-induced slips due to the bond degradations. As seen in Figure 8,
before the fire exposure time of 120 min, the largest interfacial slip occurs in the transition
zone between the exposed span and the unexposed part, mainly due to the contribution of
the thermal stress-induced slips. As the fire-exposure time increases, the local interfacial
slips induced by the applied loads are increased rapidly and become the dominant effect.
After 180 min of fire exposure, the maximum slippage occurs in the end anchorage zone of
the GFRP bar, which eventually leads to the anchorage failure of the tested slab under fire
exposure. The predicted failure mode of the tested slab is consistent with the observation
of the fire test, which further indicates that the local bond-slip behavior of the GFRP
bar-to-concrete interface at high temperatures needs to be considered in order to achieve an
accurate prediction of the anchorage failure mode of the FRP-RC flexural member under
fire exposure.
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Figure 8. Interfacial slip distributions along the length of the GFRP bar: (a) FE predictions; (b) the
observed pullout failure mode of GFRP bars.

6.2. Nigro et al.’s Tests

Nigro et al. [43] carried out fire tests on six GFRP bar-reinforced concrete slabs exposed
to the ISO 834 standard fire. The slabs were divided into two groups according to the
concrete cover depth and the embedment length of the GFRP bars in the unexposed zone,
and therefore, each group included three slabs. For the first group (i.e., slabs S1, 52, and
53), the concrete cover depth and the embedment length were set as 32 mm and 250 mm,
respectively, which were lower than those of the second group (i.e., 51 mm and 500 mm of
slabs 54, S5, and S6). The proposed FE model simulated only the first group of specimens
to validate its reliability and accuracy because it suffered from more severe fire damage
due to the relatively smaller concrete cover depth. Among the three slabs, 51 was loaded
under its self-weight without an external load under fire exposure, while S2 and S3 were
loaded with different load levels corresponding to 40% and 60% of the room-temperature
flexural capacity, respectively. The geometric dimensions and reinforcement details of S1,
52, and S3 are shown in Table 1. All slabs have a length of 3500 mm, a width of 1250 mm,
and a thickness of 180 mm. During the fire test, each slab was placed on the furnace
walls, and the two ends of the slab could be rotated freely to achieve the simply-supported
boundary conditions. The layout of the longitudinal GFRP bars at the bottom of S3 was
®12 mm @ 225 mm, i.e., much smaller than those of S1 and S2 (i.e., ®12 mm @ 150 mm).
The slabs S2 and S3 were both loaded under four-point bending, and the two concentrated
loads were symmetrically distributed at 700 mm apart from the midspan, which were both
equal to 17.5 kN and were kept constant during the fire test.

6.2.1. Temperature Responses

Figure 9 compares the temperature responses measured at different concrete depths
with the corresponding FE predictions, indicating that the heat transfer analysis of the FE
model can achieve good accuracy in the temperature predictions of FRP-RC flexural mem-
bers under fire exposure. The temperature responses measured in the 55 to 175 mm depths
show an apparent plateau near 100 °C due to the moisture migration and evaporation.
However, this moisture effect has not been considered in the proposed heat transfer analy-
sis, and therefore, the temperature predictions are slightly lower than the measured results
at the early stage of the fire test. As mentioned earlier, this temperature underestimation at
relatively low temperatures (i.e., around 100 °C) is not expected to affect the mechanical
analysis of the FRP-RC flexural member under fire exposure and the related fire resistance
evaluation. In addition, it is observed that the temperature responses in the fire test are
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slightly higher than the FE predictions with the maximum deviation of about 10% at the
55 mm concrete depth. Overall, the FE predictions of all concrete depths are very similar to
the test results during the entire fire exposure period.

800

Solid lines: Test results
Dash lines: FE predictions

15mm

Temperature (°C)

0 20 40 60 80 100 120 140 160 180
Fire-exposure time (min)

Figure 9. FE predictions versus measured results at various concrete depths.

6.2.2. Structural Performance

The midspan deflection responses of the slabs S1, S2, and S3 measured during the fire
tests are compared with the FE predictions in Figure 10. Figures 11-13 further illustrate
the effects of different bond considerations on the midspan deflection responses. The
comparisons between the FE predictions and the test results have indicated that the FE
model with the bond degradation consideration achieves reasonably good consistency,
although the predicted fire resistance period of S3 is about 80 min, which is larger than the
fire test result. In addition, the FE model with the perfect bond consideration often produces
less accurate predictions. For, slab S1, the midspan deflections predicted by the FE model
with the degraded bond consideration are slightly higher than those with perfect bond
consideration. This is because no external load is applied on the slab during fire exposure,
and thus the stress level of the GFRP bar is very low. This observation is confirmed by
the interfacial slip distributions along the GFRP bar length at various fire-exposure times
as shown in Figure 14. In this figure, the maximum interfacial slip obtained during the
entire fire test is small and less than 0.8 mm. Therefore, for the specific slab under the
self-weight loading, the different bond considerations have little effect on the midspan
deflection responses.
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Figure 10. Measured deflection responses versus FE predictions of slabs S1, S2, and S3.
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Figure 14. Interfacial slip distributions along the GFRP bar length of S1.

6.2.3. Local Interfacial Slip Responses

For slab S2, the consideration of temperature-dependent bond degradations has a
significant impact on the deflection responses, mainly due to the larger applied load of
52 compared with S1. In the fire test, it was observed that two main cracks appeared at
the bottom of slab S2, located below the two loading points. The FE predictions of the
interfacial slips in Figure 15 show that the maximum slips after 90 min of fire exposure
occur at the positions below the loading points, mainly induced by the main concrete cracks.
Therefore, the consistency between the test observation and the local slip predictions has
further proved the reliability of the proposed FE model. Slab S3 eventually failed due to the
anchorage failure of the GFRP bars, which is also confirmed by the predicted interfacial slip
responses at 120 min. The FE predictions of the slips in the end anchorage zone are quite
large (i.e., about 20 mm), indicating the pull-out failure of the GFRP bar in the anchorage
zone. Since S3 has a relatively low reinforcement ratio, the load level corresponding to the
room-temperature flexural capacity is much higher than that of S2. Therefore, the influence
of different bond degradations on the deflection responses during the fire exposure is
more significant. Once again, the FE model with the bond degradation consideration can
accurately predict the midspan deflection responses during fire exposure and the associated
anchorage failure of slab S3, as shown in Figures 13 and 16.

------ t=30 min . .

t =60 min pullout of FRP bars in the fire test of slab S2
= = t=90 min Pt ' "
—— t =120 min : -"‘

fire test results

1500 2000 2500 3000 3500

Distance from the left end of GFRP bar (mm)

(a) (b)

Figure 15. Interfacial slip distributions along the GFRP bar length of S2: (a) FE predictions; (b) the
observed pullout failure mode of GFRP bars.
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Figure 16. Interfacial slip distributions along the GFRP bar length of S3.

7. Conclusions

This paper has proposed a 3D FE model to predict the fire performance of FRP-RC
flexural members with appropriate considerations of the constitutive models of FRP bars,
concrete, and their bond interface at high temperatures. The latter issue has not been
accurately simulated by the previous numerical studies. The proposed FE model has
been validated by comparing the FE results with the test data of the full-scale fire tests
of FRP-RC slabs in the literature. The following conclusions can be drawn based on the
results presented in the paper:

(1) The proposed FE model has good accuracy in predicting the thermal and structural
responses of FRP-RC flexural members under fire exposure. The constitutive models
used to define the thermal and mechanical properties of concrete and FRP bars at high
temperatures are reliable. The temperature predictions of the proposed FE model are
very similar to the measured results, with a maximum deviation of about 10% during
the entire fire test.

(2) The perfect bond consideration of the FRP bar-to-concrete interface at high temper-
atures often yields less accurate predictions of midspan deflection responses. Thus,
proper consideration of the local bond-slip behavior of the FRP bar-to-concrete inter-
face at high temperatures is required for accurately predicting the midspan deflection
responses of FRP-RC flexural members exposed to fire.

(3) The consideration of the local bond-slip behavior also gives detailed information on
the interfacial slip responses at the FRP bar-to-concrete interface at high temperatures
during a fire, which can reveal the concrete cracking pattern and failure mode of the
tested member under fire exposure. The predicted maximum interfacial slips of the
FRP bars near the end of the fire test are almost 20 mm.

(4) The proposed FE model can accurately predict the anchorage failure of FRP bars in
the FRP-RC flexural member during fire exposure, which is a typical failure mode
in the existing fire tests in the literature. The previous numerical studies based on a
perfect bond consideration cannot provide a reliable prediction for this failure mode.

Further research is needed to develop more reliable constitutive models of FRP bars
and bond interface at high temperatures, which are necessary for more accurate predictions
of the deflection responses of the FRP-RC flexural members under fire exposure.

Author Contributions: Conceptualization, D.D., L.O. and W.G.; methodology, W.G. and ].Y.; software,
D.D. and W.G,; validation, D.D., L.O. and W.G.; investigation, D.D.; resources, Q.X.; writing—original
draft preparation, D.D., L.O. and W.G.; writing—review and editing, W.G. and ].Y.; visualization,
D.D.; supervision, W.G.; project administration, Q.X. and W.L.; funding acquisition, W.G. All authors
have read and agreed to the published version of the manuscript.



Polymers 2022, 14, 346 20 of 22

Funding: The authors are grateful for the financial support received from the National Natural
Science Foundation of China (NSFC) (No. 51978398) and the Natural Science Foundation of Shanghai
(No. 19ZR1426200). We would also like to acknowledge the Open Fund of Shanghai Key Laboratory
of Engineering Structure Safety (No. 2019-KF06).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data, models, and code generated or used during the study appear
in the published article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bakis, C.E.; Bank, L.C.; Asce, E; Brown, V.L.; Asce, M.; Cosenza, E.; Davalos, ]J.F.; Asce, A.M.; Lesko, J.J.; Machida, A.; et al.
Fiber-Reinforced Polymer Composites for Construction—State-of-the-Art Review. J. Compos. Constr. 2002, 6, 73-87. [CrossRef]

2. Gravina, R.J.; Li, J.; Smith, S.T.; Visintin, P. Environmental Durability of FRP Bar-to-Concrete Bond: Critical Review. J. Compos.
Constr. 2020, 24, 03120001. [CrossRef]

3.  Bellakehal, H.; Zaidi, A.; Masmoudi, R.; Bouhicha, M. Behavior of FRP Bars-Reinforced Concrete Slabs under Temperature and
Sustained Load Effects. Polymers 2014, 6, 873-889. [CrossRef]

4. Ghahari, S.A; Assi, LN.; Alsalman, A.; Alyamag, K.E. Fracture Properties Evaluation of Cellulose Nanocrystals Cement Paste.
Materials 2020, 13, 2507. [CrossRef] [PubMed]

5. ACI (American Concrete Institute). 440.1R-15, Guide for the Design and Construction of Concrete Reinforced with FRP Bars; ACI
(American Concrete Institute): Farmington Hills, MI, USA, 2015.

6. CSA (Canadian Standards Association). CSA-5806, Design and Construction of Building Components with Fiber-Reinforced Polymers;
CSA (Canadian Standards Association): Mississauga, ON, Canada, 2012.

7. Wang, Y,; Ren, Z.; Huang, Z.; Gao, W.; Zhong, B.; Bu, Y.; Huang, Y.; Zhang, Y,; Yuan, G.; Ma, S. Experimental and numerical
studies of six small-scale continuous concrete slabs subjected to travelling fires. Eng. Struct. 2021, 236, 112069. [CrossRef]

8.  Song,J.; Gao, W.-Y.; Ouyang, L.-J.; Zeng, ] -].; Yang, J.; Liu, W.-D. Compressive behavior of heat-damaged square concrete prisms
confined with basalt fiber-reinforced polymer jackets. Eng. Struct. 2021, 242, 112504. [CrossRef]

9. Ouyang, L.-].; Wei, X.-X; Ding, B.; Gao, W.-Y. Effective Strain of BFRP for Confined Heat-Damaged Concrete Cylinders. Front.
Mater. 2021, 8, 729781. [CrossRef]

10. Ouyang, L.-J.; Chai, M.-X,; Song, J.; Hu, L.-L.; Gao, W.-Y. Repair of thermally damaged concrete cylinders with basalt fiber-
reinforced polymer jackets. J. Build. Eng. 2021, 44, 102673. [CrossRef]

11. Katz, A,; Berman, N.; Bank, L. Effect of High Temperature on Bond Strength of FRP Rebars. J. Compos. Constr. 1999, 3, 73-81.
[CrossRef]

12.  Solyom, S.; Di Benedetti, M.; Guadagnini, M.; Balazs, G.L. Effect of temperature on the bond behaviour of GFRP bars in concrete.
Compos. Part B Eng. 2020, 183, 107602. [CrossRef]

13. Hajiloo, H.; Green, M.E. Post-fire residual properties of GFRP reinforced concrete slabs: A holistic investigation. Compos. Struct.
2018, 201, 398-413. [CrossRef]

14. Rafi, M.M.; Nadjai, A.; Ali, F. Finite Element Modeling of Carbon Fiber-Reinforced Polymer Reinforced Concrete Beams under
Elevated Temperatures. ACI Struct. J. 2008, 105, 701-710. [CrossRef]

15. Wang, K.; Young, B.; Smith, S. Mechanical properties of pultruded carbon fibre-reinforced polymer (CFRP) plates at elevated
temperatures. Eng. Struct. 2011, 33, 2154-2161. [CrossRef]

16. Bai, Y.-L.; Yan, Z.-W.; Ozbakkaloglu, T.; Gao, W.-Y.; Zeng, ]J.-]. Mechanical behavior of large-rupture-strain (LRS) polyethylene
naphthalene fiber bundles at different strain rates and temperatures. Constr. Build. Mater. 2021, 297, 123786. [CrossRef]

17. Dali, ].-G.; Gao, W.-Y,; Teng, ].G. Bond-slip Model for FRP Laminates Externally Bonded to Concrete at Elevated Temperature. J.
Compos. Constr. 2013, 17, 217-228. [CrossRef]

18. Silva, M.A.; Biscaia, H. Degradation of bond between FRP and RC beams. Compos. Struct. 2008, 85, 164-174. [CrossRef]

19. Gao, W.-Y,; Teng, ].G.; Dai, ].-G. Effect of Temperature Variation on the Full-Range Behavior of FRP-to-Concrete Bonded Joints. J.
Compos. Constr. 2012, 16, 671-683. [CrossRef]

20. Wilson, J.; Gao, W.-Y.; Yang, J. Effect of temperature variations on interfacial debonding of FRP-plated beams: A coupled
mix-mode cohesive zone modeling. IOP Conf. Ser. Mater. Sci. Eng. 2020, 784, 012003. [CrossRef]

21. Leone, M.; Matthys, S.; Aiello, M.A. Effect of elevated service temperature on bond between FRP EBR systems and concrete.
Compos. Part B Eng. 2009, 40, 85-93. [CrossRef]

22.  Firmo, J.; Correia, J.; Pitta, D.; Tiago, C.; Arruda, M. Experimental characterization of the bond between externally bonded
reinforcement (EBR) CFRP strips and concrete at elevated temperatures. Cem. Concr. Compos. 2015, 60, 44-54. [CrossRef]

23.  Guo, D.; Gao, W.-Y,; Fernando, D.; Dai, ].-G. Effect of temperature variation on the plate-end debonding of FRP-strengthened

beams: A theoretical study. Adv. Struct. Eng. 2022, 25, 290-305. [CrossRef]


http://doi.org/10.1061/(ASCE)1090-0268(2002)6:2(73)
http://doi.org/10.1061/(ASCE)CC.1943-5614.0001016
http://doi.org/10.3390/polym6030873
http://doi.org/10.3390/ma13112507
http://www.ncbi.nlm.nih.gov/pubmed/32486384
http://doi.org/10.1016/j.engstruct.2021.112069
http://doi.org/10.1016/j.engstruct.2021.112504
http://doi.org/10.3389/fmats.2021.729781
http://doi.org/10.1016/j.jobe.2021.102673
http://doi.org/10.1061/(ASCE)1090-0268(1999)3:2(73)
http://doi.org/10.1016/j.compositesb.2019.107602
http://doi.org/10.1016/j.compstruct.2018.06.047
http://doi.org/10.14359/20098
http://doi.org/10.1016/j.engstruct.2011.03.006
http://doi.org/10.1016/j.conbuildmat.2021.123786
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000337
http://doi.org/10.1016/j.compstruct.2007.10.014
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000296
http://doi.org/10.1088/1757-899X/784/1/012003
http://doi.org/10.1016/j.compositesb.2008.06.004
http://doi.org/10.1016/j.cemconcomp.2015.02.008
http://doi.org/10.1177/13694332211046342

Polymers 2022, 14, 346 21 of 22

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Jia, D.-G.; Gao, W.-Y.; Duan, D.-X,; Yang, J.; Dai, J.-G. Full-range behavior of FRP-to-concrete bonded joints subjected to combined
effects of loading and temperature variation. Eng. Fract. Mech. 2021, 254, 107928. [CrossRef]

Gao, W.-Y; Dai, ].-G.; Teng, ]. Analysis of Mode II debonding behavior of fiber-reinforced polymer-to-substrate bonded joints
subjected to combined thermal and mechanical loading. Eng. Fract. Mech. 2015, 136, 241-264. [CrossRef]

Guo, D.; Gao, W.-Y.; Dai, J.-G. Effects of temperature variation on intermediate crack-induced debonding and stress intensity
factor in FRP-retrofitted cracked steel beams: An analytical study. Compos. Struct. 2022, 279, 114776. [CrossRef]

Joshani, M.; Koloor, S.; Abdullah, R. Damage Mechanics Model for Fracture Process of Steel-Concrete Composite Slabs. Appl.
Mech. Mater. 2012, 165, 339-345. [CrossRef]

Hawileh, R.; Naser, M.Z.; Abdalla, J.A. Finite element simulation of reinforced concrete beams externally strengthened with
short-length CFRP plates. Compos. Part B Eng. 2013, 45, 1722-1730. [CrossRef]

Gao, W.-Y,; Dai, J.-G.; Teng, J.G. Simple Method for Predicting Temperatures in Insulated, FRP-Strengthened RC Members
Exposed to a Standard Fire. ]. Compos. Constr. 2015, 19, 04015013. [CrossRef]

Gao, W.-Y;; Dai, ].-G.; Teng, ]J.G. Fire resistance design of un-protected FRP-strengthened RC beams. Mater. Struct. 2016, 49,
5357-5371. [CrossRef]

Dong, K.; Hu, K.; Gao, W.-Y. Fire Behavior of Full-Scale CFRP-Strengthened RC Beams Protected with Different Insulation
Systems. . Asian Arch. Build. Eng. 2016, 15, 581-588. [CrossRef]

Firmo, J.; Correia, J. Fire behaviour of thermally insulated RC beams strengthened with EBR-CFRP strips: Experimental study.
Compos. Struct. 2015, 122, 144-154. [CrossRef]

Liu, E; Wu, B.; Wei, D. Failure modes of reinforced concrete beams strengthened with carbon fiber sheet in fire. Fire Saf. ]. 2009,
44,941-950. [CrossRef]

Gao, W.-Y,; Dai, ].-G.; Teng, ].G. Three-Level Fire Resistance Design of FRP-Strengthened RC Beams. ]. Compos. Constr. 2018, 22,
05018001. [CrossRef]

Gao, W.-Y.; Hu, K.-X,; Lu, Z.-D. Fie Resistance Experiments of Insulated CFRP Strengthened Reinforced Concrete Beams. China
Civil Eng. ]. 2010, 43, 15-23. https://doi.org/CNKI:SUN:TMGC.0.2010-03-008. (In Chinese)

Palmieri, A.; Matthys, S.; Taerwe, L. Experimental investigation on fire endurance of insulated concrete beams strengthened with
near surface mounted FRP bar reinforcement. Compos. Part B Eng. 2012, 43, 885-895. [CrossRef]

Williams, B.; Kodur, V.; Green, M.; Bisby, L. Fire Endurance of Fiber-Reinforced Polymer Strengthened Concrete T-Beams. ACI
Struct. J. 2008, 105, 60-67. [CrossRef]

Zhu, H.; Wu, G.; Zhang, L.; Zhang, J.; Hui, D. Experimental study on the fire resistance of RC beams strengthened with
near-surface-mounted high-Tg BFRP bars. Compos. Part B Eng. 2014, 60, 680-687. [CrossRef]

Dai, J.-G.; Gao, W.-Y;; Teng, ].G. Finite Element Modeling of Insulated FRP-Strengthened RC Beams Exposed to Fire. ]. Compos.
Constr. 2015, 19, 04014046. [CrossRef]

Ahmed, A.; Kodur, V. Effect of bond degradation on fire resistance of FRP-strengthened reinforced concrete beams. Compos. Part
B Eng. 2011, 42, 226-237. [CrossRef]

Firmo, J.P.; Arruda, M.; Correia, J.; Rosa, .C.M. Three-dimensional finite element modelling of the fire behaviour of insulated RC
beams strengthened with EBR and NSM CFRP strips. Compos. Struct. 2018, 183, 124-136. [CrossRef]

Hajiloo, H.; Green, ML.E,; Noél, M.; Bénichou, N.; Sultan, M. Fire tests on full-scale FRP reinforced concrete slabs. Compos. Struct.
2017, 179, 705-719. [CrossRef]

Nigro, E.; Cefarelli, G.; Bilotta, A.; Manfredi, G.; Cosenza, E. Fire resistance of concrete slabs reinforced with FRP bars. Part I:
Experimental investigations on the mechanical behavior. Compos. Part B Eng. 2011, 42, 1739-1750. [CrossRef]

Rosa, I.C.; Santos, P.; Firmo, J.P.; Correia, J.R. Fire behaviour of concrete slab strips reinforced with sand-coated GFRP bars.
Compos. Struct. 2020, 244, 112270. [CrossRef]

Kodur, VK.; Bisby, L.A.; Foo, S.H. Thermal Behavior of Fire-Exposed Concrete Slabs Reinforced with Fiber-Reinforced Polymer
Bars. ACI Struct. ]. 2005, 102, 799-807. [CrossRef]

Rafi, M.M.; Nadjai, A. Fire Tests of Hybrid and Carbon Fiber-Reinforced Polymer Bar Reinforced Concrete Beams. ACI Mater. ].
2011, 108, 252-260. [CrossRef]

Hajiloo, H.; Green, M.F. GFRP reinforced concrete slabs in fire: Finite element modelling. Eng. Struct. 2019, 183, 1109-1120.
[CrossRef]

Nigro, E.; Cefarelli, G.; Bilotta, A.; Manfredi, G.; Cosenza, E. Fire resistance of concrete slabs reinforced with FRP bars. Part II:
Experimental results and numerical simulations on the thermal field. Compos. Part B Eng. 2011, 42, 1751-1763. [CrossRef]
Bilotta, A.; Compagnone, A.; Esposito, L.; Nigro, E. Structural behaviour of FRP reinforced concrete slabs in fire. Eng. Struct.
2020, 221, 111058. [CrossRef]

Rafi, M.M.; Nadjai, A. Numerical modelling of carbon fibre-reinforced polymer and hybrid reinforced concrete beams in fire. Fire
Mater. 2013, 37, 374-390. [CrossRef]

Nigro, E.; Cefarelli, G.; Bilotta, A.; Manfredi, G.; Cosenza, E. Guidelines for flexural resistance of FRP reinforced concrete slabs
and beams in fire. Compos. Part B Eng. 2014, 58, 103-112. [CrossRef]

Rafi, M.M.; Nadjai, A. Parametric finite element analysis of FRP reinforced concrete beams in fire and design guidelines. Fire
Mater. 2014, 38, 293-311. [CrossRef]


http://doi.org/10.1016/j.engfracmech.2021.107928
http://doi.org/10.1016/j.engfracmech.2015.02.002
http://doi.org/10.1016/j.compstruct.2021.114776
http://doi.org/10.4028/www.scientific.net/AMM.165.339
http://doi.org/10.1016/j.compositesb.2012.09.032
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000566
http://doi.org/10.1617/s11527-016-0865-x
http://doi.org/10.3130/jaabe.15.581
http://doi.org/10.1016/j.compstruct.2014.11.063
http://doi.org/10.1016/j.firesaf.2009.05.006
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000840
https://doi.org/CNKI:SUN:TMGC.0.2010-03-008
http://doi.org/10.1016/j.compositesb.2011.11.061
http://doi.org/10.14359/19069
http://doi.org/10.1016/j.compositesb.2014.01.011
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000509
http://doi.org/10.1016/j.compositesb.2010.11.004
http://doi.org/10.1016/j.compstruct.2017.01.082
http://doi.org/10.1016/j.compstruct.2017.07.060
http://doi.org/10.1016/j.compositesb.2011.02.025
http://doi.org/10.1016/j.compstruct.2020.112270
http://doi.org/10.14359/14787
http://doi.org/10.14359/51682490
http://doi.org/10.1016/j.engstruct.2019.01.028
http://doi.org/10.1016/j.compositesb.2011.02.026
http://doi.org/10.1016/j.engstruct.2020.111058
http://doi.org/10.1002/fam.2135
http://doi.org/10.1016/j.compositesb.2013.10.007
http://doi.org/10.1002/fam.2180

Polymers 2022, 14, 346 22 of 22

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Masmoudi, A.; Masmoudi, R.; Ben Ouezdou, M. Thermal effects on GFRP rebars: Experimental study and analytical analysis.
Mater. Struct. 2010, 43, 775-788. [CrossRef]

Galati, N.; Nanni, A.; Dharani, L.R.; Focacci, F; Aiello, M.A. Thermal effects on bond between FRP rebars and concrete. Compos.
Part A Appl. Sci. Manuf. 2006, 37, 1223-1230. [CrossRef]

Katz, A.; Berman, N. Modeling the effect of high temperature on the bond of FRP reinforcing bars to concrete. Cem. Concr. Conpos.
2000, 22, 433-443. [CrossRef]

Li, C.; Gao, D.; Wang, Y.; Tang, J. Effect of high temperature on the bond performance between basalt fibre reinforced polymer
(BFRP) bars and concrete. Constr. Build. Mater. 2017, 141, 44-51. [CrossRef]

Abbeasi, A.; Hogg, PJ. Temperature and environmental effects on glass fibre rebar: Modulus, strength and interfacial bond strength
with concrete. Compos. Part B Eng. 2005, 36, 394—404. [CrossRef]

Hamad, R.J.; Johari, M.M.; Haddad, R.H. Mechanical properties and bond characteristics of different fiber reinforced polymer
rebars at elevated temperatures. Constr. Build. Mater. 2017, 142, 521-535. [CrossRef]

Nigro, E.; Bilotta, A.; Cefarelli, G.; Manfredi, G.; Cosenza, E. Performance under Fire Situations of Concrete Members Reinforced
with FRP Rods: Bond Models and Design Nomograms. J. Compos. Constr. 2012, 16, 395-406. [CrossRef]

Gao, W.-Y,; Dai, J.-G.; Teng, J.-G. Fire resistance of RC beams under design fire exposure. Mag. Concr. Res. 2017, 69, 402—423.
[CrossRef]

Gao, W.-Y,; Daj, ].-G.; Teng, ].; Chen, G. Finite element modeling of reinforced concrete beams exposed to fire. Eng. Struct. 2013,
52,488-501. [CrossRef]

CEN (European Committee for Standardization). Eurocode 2-Design of Concrete Structures. Part 1-2: General Rules—Structural Fire
Design; European Standard: Pilsen, Czech Republic, 2004.

Griffis, C.; Masumura, R.; Chang, C. Thermal Response of Graphite Epoxy Composite Subjected to Rapid Heating. J. Compos.
Mater. 1981, 15, 427-442. [CrossRef]

CEN (European Committee for Standardization). Eurocode 1-Actions on Structures. Part 1-2: General Actions—Actions on Structures
Exposed to Fire; European Standard: Pilsen, Czech Republic, 2002.

Gao, W.; Dai, J.; Teng, J. Simple Method for Predicting Temperatures in Reinforced Concrete Beams Exposed to a Standard Fire.
Adv. Struct. Eng. 2014, 17, 573-589. [CrossRef]

ABAQUS. ABAQUS Standard User’s Manual. Version 6.14, Vol. I-III; Hibbitt, Karlsson & Sorensen, Inc.: Pawtucket, RI, USA, 2014.
Lubliner, J.; Oliver, J.; Oller, S.; Onate, E. A plastic-damage model for concrete. Int. ]. Solids Struct. 1989, 25, 299-326. [CrossRef]

Lee, ].; Fenves, G.L. Plastic-Damage Model for Cyclic Loading of Concrete Structures. J. Eng. Mech. 1998, 124, 892-900. [CrossRef]
Wang, Y.; Kodur, V. Variation of strength and stiffness of fibre reinforced polymer reinforcing bars with temperature. Cem. Concr.
Compos. 2005, 27, 864-874. [CrossRef]

Hajiloo, H.; Green, M.; Gales, ]. Mechanical properties of GFRP reinforcing bars at high temperatures. Constr. Build. Mater. 2018,
162, 142-154. [CrossRef]

Reid, E.R; Bilotta, A.; Bisby, L.A.; Nigro, E. Mechanical Properties of Fibre Reinforced Polymer Reinforcement for Concrete at
High Temperature. In Proceedings of the 8th International Conference on Structures in Fire, Shanghai, China, 11-13 June 2014;
Tongji University Press: Shanghai, China; pp. 1227-1234.

Prakhya, G.K.V.; Morley, C.T. Tension-Stiffening and Moment-Curvature Relations of Reinforced Concrete Elements. ACI Struct.
J. 1990, 87, 597-605. [CrossRef]

Torres, L.; Lopez-Almansa, F.; Bozzo, L.M. Tension-Stiffening Model for Cracked Flexural Concrete Members. J. Struct. Eng. 2004,
130, 1242-1251. [CrossRef]

Cosenza, E.; Manfredi, G.; Realfonzo, R. Behavior and Modeling of Bond of FRP Rebars to Concrete. J. Compos. Constr. 1997, 1,
40-51. [CrossRef]

Rossetti, V.A.; Galeota, D.; Giammatteo, M.M. Local bond stress—slip relationships of glass fibre reinforced plastic bars embedded
in concrete. Mater. Struct. 1995, 28, 340-344. [CrossRef]

Cosenza, E.; Manfredi, G.; Realfonzo, R. Analytical Modelling of Bond between FRP Reinforcing Bars and Concrete. Non-Metallic
(FRP) Reinforcement for Concrete Structures. In Proceedings of the Second International RILEM Symposium (FRPRCS-2), Ghent,
Belgium, 23-25 August 1995; pp. 164-171.

Eligehausen, R.; Popov, E.P,; Bertero, V.V. Local Bond Stress—Slip Relationships of Deformed Reinforcing Bars Under Generalised
Excitations; University of California: Berkeley, CA, USA, 1983.

Hajiloo, H.; Green, M. Bond Strength of GFRP Reinforcing Bars at High Temperatures with Implications for Performance in Fire.
J. Compos. Constr. 2018, 22, 04018055. [CrossRef]

Aslani, F. Residual bond between concrete and reinforcing GFRP rebars at elevated temperatures. In Proceedings of the Institution
of Civil Engineers—Structures and Buildings; ICE Publishing: London, UK, 2019; Volume 172, pp. 127-140. [CrossRef]

Baena, M.; Torres, L.; Turon, A.; Barris, C. Experimental study of bond behaviour between concrete and FRP bars using a pull-out
test. Compos. Part B Eng. 2009, 40, 784-797. [CrossRef]


http://doi.org/10.1617/s11527-009-9547-2
http://doi.org/10.1016/j.compositesa.2005.05.043
http://doi.org/10.1016/S0958-9465(00)00043-3
http://doi.org/10.1016/j.conbuildmat.2017.02.125
http://doi.org/10.1016/j.compositesb.2005.01.006
http://doi.org/10.1016/j.conbuildmat.2017.03.113
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000279
http://doi.org/10.1680/jmacr.15.00329
http://doi.org/10.1016/j.engstruct.2013.03.017
http://doi.org/10.1177/002199838101500503
http://doi.org/10.1260/1369-4332.17.4.573
http://doi.org/10.1016/0020-7683(89)90050-4
http://doi.org/10.1061/(ASCE)0733-9399(1998)124:8(892)
http://doi.org/10.1016/j.cemconcomp.2005.03.012
http://doi.org/10.1016/j.conbuildmat.2017.12.025
http://doi.org/10.14359/2680
http://doi.org/10.1061/(ASCE)0733-9445(2004)130:8(1242)
http://doi.org/10.1061/(ASCE)1090-0268(1997)1:2(40)
http://doi.org/10.1007/BF02473149
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000897
http://doi.org/10.1680/jstbu.17.00126
http://doi.org/10.1016/j.compositesb.2009.07.003

	Introduction 
	Procedure of the FE Model 
	Modeling Procedure 
	Thermal Properties of Concrete and FRP Bars 
	Definitions of the Boundary Conditions for Heat Transfer Analysis 

	Modeling of Concrete and FRP Bars at High Temperatures 
	Concrete 
	FRP Bars 

	Modeling of the Bond Behavior at High Temperatures 
	Element Type, Interface, and Boundary Conditions 
	Results and Discussion 
	Hajiloo et al.’s Tests 
	Temperature Responses 
	Structural Performance 
	Local Interfacial Slip Responses 

	Nigro et al.’s Tests 
	Temperature Responses 
	Structural Performance 
	Local Interfacial Slip Responses 


	Conclusions 
	References

