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The bond behavior of an embedded through-section-glass fiber-reinforced
polymer (ETS-GFRP) bar-concrete interface at elevated temperatures is
investigated. An analytical bond-slip model is first developed to include both
mechanical and thermal variables. By using the finite element method (FEM), the
ETS-GFRP bar-concrete interface is simulated with the thermo-mechanical bond-

slip curves varying at different temperatures. Various temperatures at the bond
interface of 20°C, 23°C, 48°C, 70°C, 89°C, 107°C, and 123°C are examined. The
results obtained from the developed bond model for the ETS-GFRP bar-to-concrete
joint at elevated temperature show similar trend with those achieved from the

Bond behavior;
Elevated temperature;

Emb'edded through- FEM simulation with the developed thermo-mechanical bond-slip model. The
s<.ect|on;. bond fracture energy (Grr) and ductility index (Btr) govern the bond response of
Fiber-reinforced the ETS-GFRP bar—concrete interface at elevated temperature. When the thermal
polymer; loading is below the glass transition temperatures of the GFRP bar and adhesive, a

Reinforced concrete;
Strengthening

slight reduction in the bond stiffness and capacity is observed by the thermo-
mechanical bond-slip model. The degradation in bond performance is significant
at high temperature levels. The bond force, interfacial shear stress, and strain due
to the mechanical loading have opposite directions to those due to thermal loading.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Following the development of multi-disciplinary science, the appropriate combination of various
systems and materials, which are the governances of distinct fields, to obtain good and innovative
solutions for specific problems has become necessary. For example, the use of fiber-reinforced
polymer (FRP) composites, which are well-known materials in the aerospace industry, for the
retrofit of reinforced concrete (RC) structures is one of the most impressive solutions [1-8].
Common FRP materials include glass FRP (GFRP), aramid FRP (AFRP), basalt FRP (BFRP), and
carbon FRP (CFRP). Much research and many practical applications have demonstrated the
effectiveness of employing FRP sheets, laminates, plates, and bars to adhere onto concrete surfaces
to improve or restore the performance of the RC members [1-3] (i.e., external bonding (EB) and
near-surface mounted (NSM) methods). A new strengthening method named embedded through-
section (ETS) has recently been developed by several research groups [2, 9-14]. The ETS method
uses steel, FRP bars or laminates adhesively embedded into holes that are pre-drilled through the
beam height in the shear zone of the RC beam.

*Corresponding authors: chihieuma@hcmut.edu.vn

agrcid.org/0000-0003-1178-4907; borcid.org/0000-0003-4680-2466

DOI: http://dx.doi.org/10.17515/resm2026-1469me0115rs

Res. Eng. Struct. Mat. Vol. x Iss. x (xxxx) Xx-XX 1



mailto:bvhlinh@hcmut.edu.vn;
http://dx.doi.org/10.17515/resm2026-1469me0115rs

Bui and Ma / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

Bond behavior between the strengthening element and concrete plays an important role in the
efficiency of the intervention methods. If the FRP—concrete joint was debonded, then cracks in the
concrete would rapidly develop and open, which would lead to earlier failure [15]. Many studies
[16-19] related to the interfacial profile between EB-FRP or NSM-FRP composites and concrete
were conducted. The guidelines for the design of strengthening systems for existing structures have
since been provided by national and international associations, such as the American Concrete
Institute (ACI PRC-440.2-17) [20], the Japan Society of Civil Engineers (JSCE 2007) [21], the
Canadian Standards Association (CSA 2012) [22], and the International Federation for Structural
Concrete (fib bulletin 2019) [23]. Aside from mechanical issues, the impact of fire on the FRP
composite-to-concrete bonded joints should be considered. To address this issue, Gao et al. [24]
and Dai et al. [25] presented analytical modeling of the bond behavior between EB-FRP laminate
and concrete at elevated temperature. In their studies, the temperature variable was considered
and coupled into the solutions of the governing equation. Their proposed bond models have been
carefully verified with accessible experimental data. These researchers indicated that the elevated
temperature had a noticeable effect on the bond performance between EB-FRP laminate and
concrete. No clear difference in the bond-slip response was observed when the temperature at the
bond interface was increased to 40 °C. The bond strength became small and the slip became large
as the temperature at the bond interface was larger than 55 °C; therefore, the adhesive began the
softening phase at 55 °C. The bond capacity seemed to be almost disappeared when the
temperature was over 100 °C. These findings imply that the bond mechanism between EB-FRP
laminate and concrete is quickly degraded at elevated temperature. The EB-FRP laminate—concrete
interface is susceptible to high temperature due to its close-contact to the elevated temperature
source and the nature of FRP and the thermal properties of the adhesive materials, and it would
thus deteriorate early. However, it can be visualized that the ETS-FRP bar embedded into the core
of a concrete prism would isolate the ETS-FRP bar from the temperature agent. The temperature
at the ETS-FRP bar-concrete interface can be identified via the heat transfer mechanism from the
concrete surface to the center of bar.

Realizing the benefits of the ETS strengthening method, particularly in terms of the bond
mechanism, Godat et al. [26], Caro et al. [27], and Bui et al. [15, 28, 29] investigated the interfacial
profile between ETS-FRP bar and concrete using experiments and modeling. Bui et al. [15, 28, 29]
developed a nonlinear bond model, which was based on the original bond model proposed by Dai
et al. [18]. The bond model contains two key bond parameters, the interfacial fracture energy (Gf)
and bond ductility index (B), which physically and analytically govern the properties of the ETS-
FRP bar-to-concrete bonded joint. Based on experimental and theoretical analyses, the structural
efficiency of the members with ETS-FRP bar—concrete joints were determined to outperform those
with EB-FRP or NSM-FRP composite—concrete joints. Furthermore, Bui et al. [28] conducted a
parametric investigation of the ETS-FRP bar-to-concrete bonded joint using the finite element
method (FEM). Their study successfully proposed effective bond length and bond force equations
based on the FE analyses. In addition, the tendency of various effects, such as concrete compressive
strength, FRP type, bonded length, and adhesive properties, on the performance of the ETS bonding
technology was consistent with EB and NSM bonding in terms of the trend of those effects on the
adhesion performance. However, the bond properties of ETS-FRP bar-to-concrete interfaces
subjected to elevated temperature have not been investigated in any past works. Understanding of
the bond performance between ETS-FRP bar and concrete at elevated temperature could open new
insights into the practical application of the ETS method for the strengthening of existing RC
structures damaged by fire.

This study aims to theoretically examine the effect of elevated temperature on the bond behavior
of the ETS-GFRP bar-to-concrete bonded joint. To this end, the reliable bond-slip model initially
proposed by Bui et al. [15] for the ETS-GFRP bar-to-concrete bonded joint at ambient temperature
is theoretically developed to include the temperature variable. Then, the FE model for the ETS-
GFRP bar-to-concrete bond interface is established with the developed thermo-mechanical bond-
slip bond-slip law. The results from the analysis using the analytical bond model for the ETS-GFRP
bar-to-concrete bonded joint at elevated temperatures are compared with those obtained from
FEM modeling.
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2. Materials And Methods
2.1 Bond-Slip Model

Based on the force equilibria illustrated in the free body diagram shown in Fig. 1, the governing
equations of strain [¢(x)] and bond stress [t(x)] related to the slip variable [s(x)] for the bond
problem of ETS bar adhered to concrete are presented in Egs. (1a) and (1b). It should be noted that
the governing equations have been furnished elsewhere by the authors [15, 29].

() = ds(x) (1a)
dx

2 b

(0= E A dg(x): EA d°s(x) (1b)

(l+a)p, dx  (l+a)p, dx?

where E. is the elastic modulus of the ETS bar (GPa), A- is the cross-sectional area of the ETS bar
(mm?2), p-is the perimeter of the ETS bar (mm), a is the stiffness ratio of the ETS bar to the concrete,
i.e, EA;/pEctb, where E. is the elastic modulus of the concrete (GPa), and t. and b, are the
thickness and width of the concrete block (mm), respectively, for simplicity, t.=c/2 and b. = c.

By developing the original bond-slip model proposed by Dai et al. [18] for assessment of the bond
behavior between EB-FRP sheet and concrete, Bui et al. [28] established the nonlinear strain-slip
law, which is followed by the bond-slip rule after substituting the strain-slip relationship to Egs.
(1a) and (1b), to analyze the interfacial response of the ETS-FRP bar-to-concrete bonded joint, as
shown in Egs. (2a) and (2b). The analytical bond model is governed by two key parameters that
represent the interfacial fracture energy (Gy) and bond ductility index (B). The interfacial fracture
energy (Gy) is directly related to the maximum strain in the ETS-FRP bar (4) via Eq. (2c). The
physical meaning of the interfacial fracture energy (Gy), which is defined by the area underneath
the bond stress slip curve, is the debonding capacity of the bonded joint. The bond ductility index
(B) represents the stiffness and bond strength reduction (descending branch of the bond-slip
curve).

£= A(] — e—Bs(x)) (Za)
2b
T = AZB%G_BS(X) (1_e_BS(X)) (2b)
+a)p,
| (29)
.'.Gf :J.TdS:ixAzx(le_zsuB_e_SuB_i_lj
0 P, (1+ a) 2 2

Fig. 2 depicts the curve fitting of the analytical formulation to the experimental data for the slip-
strain relationships at the loaded end and at a location far away from the loaded end by 30 mm for
the ETS-pullout test specimen C6 in the study of Bui et al. [28]. The engineering information of the
ETS-pullout specimen C6, which is sketched in Fig. 1, was as follows: concrete block size = 150 x
150 x 250 mm, concrete compressive strength . = 38 MPa, bonded length L. = 250 mm, ETS-GFRP
bar diameter d, = 10 mm, elastic modulus of GFRP bar E; = 50 GPa, tensile strength of GFRP bar f
=1076 MPa, hole diameter d, = 15 mm, elastic modulus of adhesive E, = 4 GPa, and tensile strength
of adhesive f; = 21 MPa. The strain-slip relationship at the loaded end determined from the test
data is fitted very well with the strain-slip curve plotted by the analytical model. The bond
parameters after the curve fitting of the strain versus slip at the loaded end are Gf= 5.67 (N/mm)
and B = 2.5 (1/mm). The coefficient of determination (R?) for the curve fitting of the strain versus
slip is larger than 0.95. In addition, Bui et al. [28] applied the curve fitting for the strain-slip
relationship at the location far away from the loaded end by 30 mm. They found that the bond
parameters Gr = 1.17 (N/mm) and B = 8.7 (1/mm) provided the best fit to the experimental
measurement. These values are reasonable because less bond fracture energy (Gy) gives a larger
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bond ductility index (B) (i.e., the smaller ductility), which are the physical meanings of the Grand B
terms defined in the bond model. As shown in Fig. 2, the bond parameters have a noticeable
influence on the results of the strain versus slip relationships, in which the increase of Grenhances

the strain capacity, while the increase of B reduces the ductility. Evaluation of the bond-slip model
is presented in the next section.
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Fig. 1. Free body diagram for ETS-FRP bar bonded to concrete under a loading condition (dimensions
in millimeters)
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Fig. 2. Curve fitting of analytical model to available test data.

Substituting Eq. (2a) into Eq. (1a), the exact solution to Eq. (1a) is expressed as:
_ L Tesane) (3)
s(x)_Eln[e +1}

Substituting Eq. (3) into Eq. (1a) and Eq. (1b) yields the following equations:
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eB(Ax+c) (4)

X—
eB(A><+c) 1

E eB(A><+c) (5)
T ( X) = A’Bx A X >
P, (1+ a) |:eB(Ax+c) +1j|
The boundary condition is determined by the strain at the loaded end £(L.) = P/(E/A;), in which P is

the pullout force. Substituting this boundary condition into Eq. (4), the constant ¢ can be written
as:

in_ P/ Prax (6)

max

n
C:L/Pmax_AL
B

2.2 Bond Model Of ETS-GFRP Bar-To-Concrete Bonded Joint at Elevated
Temperature

In Fig. 3, the temperature on the surface of the concrete specimen is indicated by T °C. According to
the heat transfer mechanism, the temperature obtained at the interface of the ETS-GFRP bar to the
concrete is Tinterface °C. A simplified empirical formulation is adopted to estimate the bond interface
temperature. This approach captures the dominant heat transfer behavior but does not account for
temperature-dependent concrete degradation, thermal cracking, or adhesive changes during
heating. The temperature at the bond interface via the heat transfer distribution in the concrete
covering is derived from an empirical formulation proposed by Abbasi and Hogg [30]:

T =345log(8t + 1) + 20 (7a)
Tintertace = 34510g(8t + 1) + 20 - 76 7exp-0-001exp(7.602/c - 23.623)t (7b)

where t is the time subjected to the temperature agent (minutes), and c is the concrete cover
thickness (mm).

According to the assumption, the primary effects on the interfacial profile between the ETS-GFRP
bar and concrete are governed by the changes of the bond parameters (G5 B) due to the elevated
temperature. Under temperature variation, the original interfacial fracture energy and bond
ductility index represented in the bond model at ambient temperature (Tambpien: is assumed to be 20
°C) are denoted as Gp (N/mm) and Bp (1/mm). The interfacial fracture energy and bond ductility
index at an elevated temperature are denoted as Ggr (N/mm) and Bsr (1/mm). Conversely, the
remaining elastic modulus of the ETS-GFRP bar at the elevated temperature is defined as E.r (GPa).
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Fig. 3. Schematic diagram of the effect of temperature at the ETS-GFRP bar-to-concrete
interface (dimensions in millimeters)
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Gao et al. [24] and Dai et al. [25] presented the expression of the constant ¢ with consideration of
the temperature variable, in which two components of strain by mechanical and thermal
deformation are incorporated. The temperature variable at the interface is considered by the
temperature variation (AT = Tinterface = Tambient)- AT is required to determine the thermal expansion
at the interface. Thereby, Eq. (6) yields to Eq. (8):

1 7P(1+a)+(a —a,)AT ®)
1 Al E,A T
c=B In . P(1+a) — AL

i 1—{ EA +(ar—ac)AT}

where Byris the bond ductility index at Tinterface °C (1/mm), E,r is the elastic modulus of GFRP bar at
Tinterface °C (GPa), a- is the thermal expansion coefficient of GFRP bar, taken as 33x10-¢
(mm/mm/°C), and a. is the thermal expansion coefficient of concrete, taken as 8x10-¢
(mm/mm/°C). The strain that occurs in the ETS-GFRP bar includes the mechanical deformation
and thermal expansion. Therefore, the pull load that occurs on the ETS-GFRP bar is determined by:

(9)

EA
14105 I:é‘ (a, —a, AT]

When the slip in the ETS-GFRP bar reaches the ultimate slip (s.), Eq. (9) becomes the ultimate
pullout load and can be expressed as:

'TA’)[ (l—e_B”s“)—(ar —aC)ATJ (10a)

uT (1+a

T 2G.E AP, E A (a,—a ) AT (10Db)
o (1+a) (I+a)" " °

where Gyr is the interfacial fracture energy at Tinterface °C (N/mm). Without loss of generality, the
present study assumes that the normalizations for the elastic modulus of GFRP bar (E;r/E)),
interfacial fracture energy (Gsr/Gp), and bond ductility index (Bsr/Bmp) under the effect of
temperature for the ETS-FRP bar-to-concrete bonded joint are identical with the corresponding
terms for the EB-FRP laminate-to-concrete bonded joint. Further, the temperature-dependent
relationships adopted from externally bonded FRP systems are considered applicable to ETS
systems because they are governed by intrinsic material degradation mechanisms (e.g., resin
softening and interfacial weakening), which are largely independent of strengthening
configuration. In the absence of ETS-specific models, this represents a reasonable and conservative
assumption. Therefore, the empirical regression formulations for the elastic modulus of FRP,
interfacial fracture energy, and bond ductility index established in the study by Dai et al. [25] are
utilized to identify the material and bond parameters for the ETS-FRP bar—concrete interface at an
elevated temperature. The normalized equations for the elastic modulus, interfacial fracture
energy, and bond ductility index with consideration of the thermal loading are:

— (11a)
E (1 ai)xtanh[_az{L_agH{H_ai)
E, (2 T, 2
G (11b)
™ _ L tanh —bzx[L—bS} o1
G, 2 Tg’a 2
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B _ (11c)
—”:(1 Cljxtanh —C, X L—c3 +(1+C1j
B;, 2 Tg'a 2

where a; = 0.729,a,=9.856,a3=0.607, b, = 3.206, b3 = 1.313, ¢c; = 0.485, c2 = 14.053, and c3 = 0.877
are the empirical factors identified based on a regression analysis of the available data collected by
Dai et al. [25], Ty.q is the glass transition temperature of the adhesive, taken as 62 °C [25], and Ty, is
the glass transition temperature of the GFRP bar, taken as 55 °C [25]. The empirical models for E,r,
Gsr, and Byr has been sufficiently formulated in the work of Dai et al. [25].

The bond shear stress and strain distributions at elevated temperature can be determined by
substituting the values obtained from the constant ¢ [Eq. (8)], elastic modulus E,r [Eq. (11a)],
interfacial fracture energy Gy [Eq. (11b)], and bond ductility index Bsr [Eq. (11c)] into Egs. (4) and
(5).

2.3 Finite Element Method

A number of efficient FE analyses were performed to study the bond behavior between EB-FRP
composite and concrete, for example, Shi et al. [31] and He et al. [32]. Bui et al. [15] conducted FEM
simulations with the ANSYS 15.0 (ANSYS 2013) [33] package to investigate the interfacial profiles
of the ETS-FRP bar-to-concrete bonded joint. Their study examined the trapezoidal bond law to
analyze the interaction between ETS-FRP bar and concrete. The nonlinear bond rule, which was
developed in a past study by Bui et al. [28], was not considered in the work of Bui et al. [15]. The
present study uses the FE models for the specimens named C2-1.5d-9.55-20d, C2-1.5d-9.5S-25d,
C2-1.5d-9.55-30d, and C6, which were built in the work of Bui et al. [15]. Additionally, these FEM
simulations adopt the nonlinear bond rule described in section 2, which aim to compare with the
FE models analyzed in Bui et al. [15]’s study.

To incorporate the temperature effect on the bond interface, the bond-slip curve used in the FEM
modeling was defined for different temperature levels based on the degradation laws of the
parameters given in Egs. (11a)-(11c). In the ANSYS 15.0 (ANSYS 2013) [33] program, the element
models for concrete, ETS-GFRP bar, and interfacial interaction are SOLID65, LINK180, and
COMBIN39, respectively. The SOLID65 element has three degrees of freedom at each node of an
eight-node brick. The LINK180 element represents a two-node bar with three degrees of freedom
at each node. The COMBIN39 element is represented by a nonlinear spring, which is characterized
by the load-displacement relationship (i.e., related to the bond response). The displacement
control is applied in the FEM simulation.

The constitutive material law of concrete in compression employs the equation offered in the study
of Hognestad et al. [34], as illustrated in Fig. 4(a), and is expressed by Eq. (12). The kinematic
hardening option (KINH) is used to include the plasticity of concrete in the FE analysis. In addition,
the model of concrete under tension is demonstrated in Fig. 4(b), which is available in ANSYS 15.0

(ANSYS 2013) [33]. The tensile strength of concrete is taken as 0.61/ fc' (MPa) [9]. A steep drop of

40% reduction in the tensile strength is assumed in the model to reflect the crack initiation and
development. The descending branch then becomes gentler until the maximum strain is equal to
six times of the strain at the peak strength. The post-cracking stiffness of the concrete element is
defined by Rt. The open and closed shear transfer coefficients are §: = 0.2 and . = 0.8, respectively,
which were recommended by Bui et al. [15].

f=f'2i—i2 )
C C 80 go

where & = 2f/E, E_ = 3300«/ fcl +6900 (MPa) [9], and the concrete is crushed when ¢, is larger
than 0.0038.
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Fig. 4. Constitutive models for FE analysis: (a) concrete model under compression [15, 29]; (b)
concrete model under tension [15, 29]; (c) FRP bar [15, 29]; (d) nonlinear bond model [28]; (e)
trapezoidal bond model [15].

The constitutive material model of the GFRP bar is linear until rupture, as shown in Fig. 4(c). Fig.
4(d) shows the nonlinear law that represents the bond response at the ETS-GFRP bar-to-concrete
interface. The bond-slip model is given in Eq. (2b). As revealed in Fig. 4(d), the nonlinear bond
model developed by Bui et al. [28] captures the three main stages of the bond behavior, i.e., bonding,
debonding, and friction. Moreover, the reliability of the nonlinear bond model has been verified
with sufficient experimental data obtained from previous literature [9, 27-29]. Fig. 4(e) illustrates
the trapezoidal bond law proposed in Bui et al. [15]’s study, which identifies the bond mechanism
of ETS bar-concrete interface via four zones of elastic (I), horizontal (II), softening (III), and
debonding (IV) zones. The COMBIN39 element requires the bond force-slip relationship; therefore,
the bond stress-slip curve is converted to the bond force-slip curve. The bond force acting on a
meshing element of the GFRP bar can be calculated as T X w Xd, X e (N), where 7 is the bond stress
(MPa), d, is the bar diameter (mm), and e is the element size after meshing refinement (mm).
Section 4.2 presents the details of the changes of the bond versus slip under the influence of
temperature variation to reflect the bond degradation.
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Fig. 5 shows a representative FE model established in ANSYS 15.0 (ANSYS 2013) [33] for the
specimen C6 in the study by Bui et al. [28]. Bui et al. [15] selected the suitable meshing sizes which
is 5 X 5 X5 mm for the pullout specimens. The mesh density was selected to ensure stable and
consistent results. The interface behavior is modeled using calibrated parameters based on
established practices in the literature. While a detailed mesh convergence and sensitivity analysis
is beyond the scope of this study, the adopted modeling approach provides a reasonable
representation of the bond behavior. The important information involving specimen Cé6 and its FE
model is presented in Fig. 5 and is summarized in section 2.1 and Table 1. These details can also be
found elsewhere in the study of Bui et al. [15].

Stress (MPa)
r 3
Displacement control e : = ETS-FRP bar
T 2
, FRP : :
f c Strain (g) onstitutive bond rule
2 €., I’_ --------- =N o
OE Constitutive laws of FRP [ FRP element % = E{] o
1 / e @
£ &| || «——ETS-FRPbar | =2 g
- £
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COMBIN39 element S
Z B along ETS bar. Nodes !

150 mm were coincident for two -
degrees U _and U

Fig. 5. A FE model for the pullout specimen C6 to investigate the bond behavior between ETS-
GFRP bar and concrete [15]

3. Results and Discussion

First, the reliability of the FEM simulation with developed bond model is evaluated. To this end,
four pullout specimens, which were tested in past studies [26, 28], are numerically modeled. The
FEM results with nonlinear bond model developed in this study are compared with those with
trapezoidal bond law assessed in the numerical work of Bui et al. [15]. Both FEM results are
corroborated to the experimental data and analytical approach proposed in section 2. After
validating the FEM simulation, the analyses on the bond responses of ETS-FRP bars to concrete
with elevated temperature at interface are implemented. The specimen details, bond factors, and
pullout results achieved from experiments, FE models, and analytical modeling are summarized in
Table 1.
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Table 1. Specimen configurations and pullout load results

Prem Prem
Stud Specimen Overall fe Le dp E, S Gy B Pexp. (trapezoidal (nonlinear  Pana.
y label geometries (MPa) (mm) (mm) (GPa) (MPa) (N/mm) (1/mm) (kN) bond law) bond rule)  (kN)
(kN) [15] (kN)
€2-1.5d- 190 x 190 42.7 190 9.52 155 2800 15.89 69.3 102.4 106.2 100 102.2
Godat 9.55-20d x 190
etal. €2-1.5d- 190 x 190 42.7 238 9.52 155 2800 19.65 69.3 114.7 125.1 121.4 113.7
26] 9.5S-25d x 238
C2-1.5d- 190 x 190
9.55-30d % 285 42.7 285 9.52 155 2800 24.87 69.3 128.3 1329 1329 127.9
Bui et
al. Cé6 150 x 150 38 250 10 50 1076 5.67 2.5 37.4 39.8 37.3 34.3
28] x 250

Notes: Overall geometries are defined by concrete prism width (mm) x concrete prism height (mm) x bonded
length (mm), fc = concrete compressive strength (MPa), L. = embedment (bonded) length (mm), d» = ETS bar
diameter (mm), Er = elastic modulus of ETS bar (GPa), f. = tensile strength of ETS bar (MPa), Gr= bond fracture
energy (N/mm) defined by the developed bond model, B = bond ductility index (1/mm) defined by the developed
bond model, Pexp. = maximum pullout force obtained from the experiments (kN), Prem (trapezoidal bond law) =
maximum pullout force obtained from FE models with trapezoidal bond law determined in the study of Bui et
al. [15] (kN), Prem (nonlinear bond rule) = maximum pullout force obtained from FE models with nonlinear bond
rule in the present study (kN), Pana. = maximum pullout force obtained from analytical model based on nonlinear
bond rule developed in the present study (kN). Note that the bond factors (G B) are determined through the
calculations of the results from relevant pullout tests to the analytical equations of Gr and B in the developed
bond model.

3.1 Comparison of FEM and analytical modeling against experiments at ambient
temperature

Obviously, Figs. 6(a)—(d) reveal that the FEM simulations and analytical modeling show reasonable
numerical agreement with the pullout test data in terms of load versus slip relations for all four
specimens. The maximum discrepancy at the peak bond force between predicted (i.e., FEM and
analytical modeling) and experimental values among four specimens is less than 10%, which can
be derived from the maximum load results depicted in Table 1. The adhesion quality of the bonded
joints, for example, the discontinuity of adhesive injection, in the pullout specimens might affect
the bond behavior, leading to the difference between numerical models and experiments.
Additionally, the strain gauges attached on the ETS-FRP bars of the bonded joints investigated in
Bui et al. [28]’s study resulted in the partial disappearance of the adhesion.

Compared to the experimental observation, Figs. 6(a)-(d) reveal the FEM simulations and
analytical computation rationally identified the debonding phases that were defined by the
noticeable changes in the curve slopes occurred in four ETS-FRP bonded joints. In general,
considering whole ranges of the pullout load-slip curves of four specimens in Figs. 6(a)—-(b), the FE
analyses and analytical modeling with nonlinear bond rule demonstrate the better predictions
against the experimental results than the FE analyses with trapezoidal bond model examined in the
numerical work of Bui et al. [15]. This is attributable to the nonlinear bond rule that was initially
established based on the measured nonlinear strain distribution along the bond interfaces of the
pullout tests. Meanwhile, the trapezoidal law was derived based on the fracture energy (Gy) related
to the adhesive properties [15].

Conversely, three specimens of C2-1.5d-9.5S-20d, C2-1.5d-9.5S-25d, and C2-1.5d-9.55-30d in Figs.
6(a)-(c) had different bonded lengths by 190 mm, 238 mm, 285 mm labeled with the suffixes of
20d, 25d, and 30d, respectively. All numerical and experimental results consistently demonstrate
that the increase of bonded length led to the enhancement of peak bond force because the larger
strain length resisted the greater force transfer. In Fig. 6(d), because of low elastic modulus, the
experiments, FEM, and analytical modeling consistently indicate that the ETS bond specimen C6
employed the GFRP bar furnished the larger interfacial slip and smaller interfacial stiffness than
those of other specimens (Figs. 6(a)-(c)) adopted the CFRP bars.
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Fig. 6. Comparison of FEM and analytical modeling on load versus slip curves of specimens:
(a) C2-1.5d-9.5S-20d; (b) C2-1.5d-9.5S-25d; (c) C2-1.5d-9.5S-30d; (d) C6

Note that the proposed thermo-mechanical bond-slip model has not been directly validated against
experimental data at elevated temperatures due to the limited availability of experimental studies
on ETS-GFRP bonded joints under thermal conditions. The experimental data used for evaluation
in this study correspond to ambient temperature bond behavior reported in the literature.
Therefore, the elevated temperature predictions presented in the following sections should be
interpreted as analytical-numerical estimations rather than fully experimentally validated results.
The FE simulations were used to provide a comparative numerical verification of the proposed
model; however, both analytical and numerical approaches rely on similar material degradation
assumptions at elevated temperatures.

3.2 Bond Stress Versus Slip Subjected to Elevated Temperature at Interface

Bond stress-slip curves for the interfacial profiles of the ETS-GFRP bar-to-concrete joint of
specimen C6 at elevated temperature with two cases of the key bond features [Gp (N/mm), By
(1/mm)] = (5.67, 2.5) and (1.17, 8.7) (shown in section 2.1) are shown in Figs. 7(a) and (b),
respectively. Further, Fig. 7(b) demonstrates the validity of the bond slip plotted by the model to
that derived from the test results given in Bui et al. [28]. Note that the available experiment only
investigated the bond behavior of the ETS-GFRP bar-to-concrete joint at ambient temperature. As
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observed in both Figs. 7(a) and (b), the bond-slip response at the ETS-GFRP bar—concrete interface
begins to be decreased as the temperature at the interface increased up to Tinterface = 48 °C because
the temperature at the interface was less than the glass transition temperatures of the adhesive
(Tga = 62 °C) and the GFRP bar (T, = 55 °C). However, a substantial reduction in the bond-slip
curve in the ascending bond stiffness and capacity is observed when the temperature at the
interface reaches Tinterface = 70 °C. The post-peak branches of the bond-slip curves become gentle as
the temperature at the interface increases. Such observation is appropriate to the physical
mechanism monitored from the pullout tests in the work of Dai et al. [18].

The physical meaning of the bond performance degradation predicted by the model is well suited
to the actual bond behavior of FRP bars embedded in concrete. When heating a GFRP bar-to-
concrete joint at an elevated temperature, the hard and brittle states of the GFRP bar and the bond
interface gradually transit into a viscous phase, which softens the adherence capability of the ETS-
GFRP bar to concrete. The formulations for the elastic modus of the GFRP bar (Efr), the bond
fracture energy (Gsr), and the bond ductility index (Bsr) reflected well the aforementioned
phenomenon.

=
o

Gy =5.67 (N/mm), By=25 (1/mm)

Ana
" T=20 (Tinterface =20°0)

=== T=774 (Tinterface =23°0)

Bond stress at loaded end (MPa)
O P N W b~ OO N O ©

T=79 (Tinterface =48 OC)
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(b)

Fig. 7. Bond stress—slip relationship at elevated temperature of specimen C6: (a) Gf0 = 5.67
(N/mm) and Bf0 = 2.5 (1/mm) for loaded end; (b) Gf0 = 1.17 (N/mm) and Bf0 = 8.7 (1/mm) for
location far away loaded end by 30 mm
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3.3 Pullout Load and Slip Responses Subjected to Elevated Temperature at
Interface

For two cases of bond factors, Gy and By, Fig. 8(a) shows the reduction of the maximum pullout
load under the increase of temperature variation at the ETS-GFRP-bar—concrete interface of the
specimen C6. This result is generally consistent with that predicted by the FE models. The bond
force defined in Eq. (10b) is composed of the residual mechanical properties at each temperature
level and the corresponding thermal deformation. The elevated temperature analysis is conducted
on arepresentative specimen (C6) to illustrate the influence of temperature on bond behavior. The
results are therefore not intended to be generalized to all ETS configurations.

e G0 = 5.67 (N/mm),
Bf0 = 2.5 (1/mm)

= = oGf0 = 1.17 (N/mm),
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temperatures, P ; (kN)
N
o

L 4
~
151 Ssq
>
> So
10 S
5
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Temperature variation at bond interface (-C)
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Fig. 8. Comparison of load versus slip at elevated temperature between test, analysis, and FEM
of the specimen C6: (a) ultimate pullout load reduction; (b) pullout load-slip responses.

According to the results from the analytical computation, at AT = 45 °C (i.e., Tinterface = 65 °C), the
slope in the pullout load reduction predicted by the model is gentle. This temperature level was
slightly over the glass transition temperatures of the GFRP bar (T, = 55 °C) and the adhesive (T
= 62 °C). At this phase, both mechanical and thermal actions effectively resisted the pullout load, so
that the degradation of the pullout load was slow. At high temperature variation, the bond force
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predicted by Eq. (10b) degraded to 0 (kN), as indicated in Figs. 8(a) and (b). At very high
temperatures, significant degradation of the adhesive, interface, and surrounding concrete leads to
a loss of load transfer capability, and the bond resistance approaches zero. Any negative values
predicted by the analytical model indicate complete bond failure rather than actual negative
resistance. Accordingly, a lower bound of zero is adopted to ensure physical consistency. Such
observations in the model are well suited to the actual behavior observed for EB-FRP laminate-
concrete interface at elevated temperature in various pullout tests summarized by Dai et al. [25].

In Fig. 8(b), the bond force-slip responses of the ETS-GFRP-concrete interface obtained from the
test, FEM, and analytical modeling for low temperature levels identify clearly three main stages of
(D) elasticity, (II) bonding, and (IIl) friction. At higher temperatures, the pullout load-slip
relationships plotted by the developed bond model could still capture the degradation of bond
performance and could correspond well with the FE results. The discrepancy between the FE and
analytical bond-slip responses becomes large as the temperature at the interface is over the glass
transition limit of the GFRP bar, Ty, =55 °C.

The degradation of bond behavior at elevated temperatures is governed by several physical
mechanisms. Adhesive softening reduces the shear transfer capacity at the interface, while
thermal expansion mismatch between the FRP bar, adhesive, and concrete induces additional
stresses that weaken the bond. In addition, thermal-induced cracking in the surrounding concrete
may further reduce confinement and load transfer capability. These mechanisms explain the
reduction in bond strength and the changes observed in the bond-slip response and strain
distribution.

3.4 Strain Distribution Along The ETS-GFRP Bar-Concrete Interface at Elevated
Temperature

Fig. 9(a) shows the strain distribution along the ETS-GFRP bar-concrete adhered joint predicted
by the FEM and analytical modeling for various temperatures exposed to the bond interface of the
pullout specimen Cé6. The analytical results show similar trend with the FEM results at the ambient
and medium temperature levels. At high temperatures, the strain development achieved from the
bond model is larger than that obtained from the FEM modeling. The loads adopted at levels of
0.42P, (11.34 kN), 0.76P, (20.53 kN), 0.99P, (26.91 kN), and 1P, (27.09 kN), which represent the
low, medium, and high load states, and are essential for the bond problem. The strain is distributed
nonlinearly along the interface, in which the values of strain increased from the free end to the
loaded end for the entire temperature range. At T = 20 °C and T = 774 °C, the strain profiles were
similar because the receiving temperatures at the ETS-GFRP bar-concrete interface at these
temperature levels were slightly different.

When the temperature was increased to T=796 °Cand T =815 °C (i.e., the temperature at the bond
interface was accordingly increased), the strain response along the ETS-GFRP bar-to-concrete
bonded joint was significantly changed. The strain distribution is dependent upon the reduction of
the elastic modulus of the ETS-GFRP bar and of the bond parameters (Gyr, Brr) of the joint at elevated
temperature. At T = 796 °C (i.e., Tinterface = 48 °C), the elastic modulus of GFRP bar was heavily
reduced, while the bond parameters were gently decreased. Such a theoretical phenomenon makes
the strain capacity of the ETS-GFRP bar to be highly developed. This result is feasible because
Tinterface = 48 °C is close to the glass transition temperature of the GFRP bar (Ty, = 55 °C) but still less
than the glass transition of the adhesive (T, = 62 °C).

However, at T =815 °C (i.e., Tinterface = 70 °C, which is higher than the glass transition temperatures
of the GFRP bar and adhesive), the elastic modulus of the GFRP bar and the bond parameters were
significantly reduced, which led to a decrease of the deformability of the GFRP bar. Furthermore, at
high temperature variation (AT = Tinterface — Tambien: = 50 °C), the contribution of thermal deformation
in the ETS-GFRP bar was noticeable, causing the non-zero value of the strain at the free end. Fig.
9(b) also shows the comparable results between the analytical modeling and FEM simulation in the
strain distribution along the ETS-GFRP bar-concrete interface at T = 796 °C (Tinterface = 48 °C) under
different pullout loads, particularly at the low and medium pullout forces. The increase of the
pullout load results in an enhancement of the strain.
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Fig. 9. Comparison between strain distributions obtained from analytical model and FE analysis
of the specimen C6: (a) at elevated temperature; (b) at different pullout load levels at T = 796°C
(Tinterface = 48 °C)

4. Conclusions
The primary conclusions can be summarized as follows:

e The combined variables of mechanical loading and elevated temperature were successfully
captured in the developed bond model for the ETS-GFRP bar-to-concrete bonded joint. The
proposed model was validated against available experimental data at ambient temperature,
while the elevated temperature results should be considered as analytical-numerical
predictions. Therefore, the applicability of the model at elevated temperatures should be
interpreted within the limitations of the current study. The suitability of the developed bond
model was compared with the available test data and FEM modeling in terms of the pullout
load, slip, strain evolution, and bond shear stress distribution. Nevertheless, the assumption
regarding temperature-dependent parameters should be further assessed through dedicated
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experimental studies on ETS systems under elevated temperatures. More advanced coupled
thermo-mechanical analyses are recommended for future research.

e The bond parameters of the interfacial fracture energy (G, Gfr) and interfacial ductility index
(B, Byr) significantly affected the bond responses between the ETS-GFRP bar and concrete
subjected to both loading and elevated temperature. Based on the present results, the
proposed model is expected to be more reliable at temperatures below or near the glass
transition temperature range, where material degradation remains moderate. At higher
temperatures, the predictions should be interpreted with caution due to significant material
degradation and the assumptions adopted in the analytical and numerical models.

e The bond behavior of the ETS-GFRP bar-concrete interface was similar at temperatures
below the glass transition temperature levels of the GFRP bar (T, = 55 °C) and adhesive resin
(Ty4q =62 °C). The bond performance in the capacity and stiffness of the pullout response was
substantially decreased when the temperature at the interface was over 70 °C.

e The strain distribution along the ETS-GFRP bar-concrete interface predicted by the
developed bond model was slightly larger than those provided by the FEM simulation.

e One limitation of this study is the absence of experimental validation at elevated
temperatures; therefore, future experimental investigations are required to further validate
and calibrate the proposed thermo-mechanical bond-slip model. Future studies should also
investigate the effects of key parameters such as embedment length, bar diameter, adhesive
properties, and concrete strength to provide a more comprehensive understanding.
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