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Abstract: The reliable bond of CFRP to heat-damaged concrete is fundamental to ensuring cooperative
working when the CFRP is applied for strengthening fire-damaged concrete structures. In this
paper, the bond performance of hybrid-bonded (HB) CFRP to a heat-damaged concrete surface
was investigated by using single shear tests. The concrete blocks were initially heat-damaged to
temperatures of 100 ◦C, 200 ◦C, 300 ◦C, and 400 ◦C. The heat-damaged blocks were subsequently
bonded with CFRP using the HB technique. The primary experiment parameters were the exposure
temperature, the number of mechanical fasteners, and the bonded layers of CFRP. The test results
show that the external-bonded (EB) and HB-CFRP joints with concrete exposed to a temperature of
400 ◦C were prone to fail with concrete shear-tension due to the decreased shear strength of concrete
at high temperatures. The EB- and HB-CFRP joints with heat-damaged concrete anchored with no
more than three fasteners present a higher bond than the reference joints with unheated concrete,
while the HB-CFRP joints anchored with three fasteners provide a decreased bond capacity with
the increase in exposure temperature. The utilization rate of single-layer CFRP joints with unheated
concrete increased by 57.9%, 139.5%, and 136.8% with the mechanical fasteners in numbers of one,
two, and three compared with the reference specimen. Accordingly, the bond capacity increased
by 111.8%, 128.4%, and 186.7%. Finally, a model was proposed to estimate the bond strength of
HB-CFRP joints with heat-damaged concrete.

Keywords: heat-damaged concrete; bond; hybrid-bonded FRP; single shear test; bond strength model

1. Introduction

Concrete structures may experience short-term exposure to high temperatures, such
as fire disaster, during their service life. This draws attention to investigating the residual
load-carrying capacities of fire-damaged concrete elements in order to make decisions on
future repair or strengthening actions to ensure safety [1–5]. Some research efforts carried
out so far on this topic are outlined in the following. Chanachai et al. [1] investigated
the flexural response of reinforcement concrete (RC) T-beams after exposure to elevated
temperatures of 700 ◦C and 900 ◦C for 3 h and then being cooled in air. The test results
showed that the sustained loading decreased the stiffness, ductility, and the even strength
of the fire-damaged beams. Another experimental study on the post-fire seismic behaviors
of concrete stub columns showed that the shear strength and the accumulated hysteretic
energy dissipation of the specimens decreases by 41.2% and 46.2% after 120 min of fire
exposure on four faces [3]. A study of Liu et al. [5] indicated that the ultimate load, energy
dissipation, and initial stiffness of post-fire RC shear wall reduced by 15.8%, 59.2% and
51.8%, respectively. Moreover, the combined action of elevated temperatures and axial load
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resulted in more energy dissipation reduction than the individual fire exposure. In general,
the elevated fire exposure had a detrimental effect on the strength, stiffness, and ductility of
RC elements, while the moderate fire caused minor damage to concrete members. Therefore,
fire-damaged RC structures can be kept to use with adequate repair and retrofitting when
fire occurs in a part of the structure or for a short duration [6,7].

In recent years, carbon-fiber-reinforced polymer (CFRP) becomes widely used for
strengthening deteriorated concrete members due to its higher tensile strength, light weight,
corrosion resistance, and ease of installation [8–12]. Researchers [13–15] have investigated
the performance of CFRP-strengthened fire-damaged RC columns for restoring the axial
strength, stiffness, and displacement ductility using CFRP confinement. It was found that
CFRP retrofitting could restore the axial strength and ductility, but could not fully restore
the axial stiffness of columns suffering from a combination of fire and axial compression.
For heat-damaged RC beams, the strength of external-bonded CFRP (EB-CFRP) could reach
and even exceed that of the reference RC specimen [16–18]. But an issue existed in that
most of the failure modes of EB-CFRP prematurely debonded rather than the fracture of
CFRP itself [19–21]. Researchers were aware of the fact that the debonding of CFRP leads
to premature failure, causing the issue of the insufficient utilization of the high strength
of CFRP [22–25]. This promotes a lot of attempts that employ appropriate techniques to
decrease the possibility of the debonding failures. Among them, a strengthening technique
of mechanically fastened FRP (MF-FRP) was developed to fasten the FRP strips to the
concrete by using mechanical fasteners that were pre-shotted or screwed directly into the
concrete [26–28]. The investigations of the MF-FRP-strengthened beams indicated that not
only did the yield and ultimate strength of beams increase, but the failure mode was also
improved to effectively avoid the FRP debonding. However, the MF-FRP strengthening
technique had some deficiencies, for example, instant cracks during the shot fastening
progress resulted in the eventual pullout of the fasteners off the concrete, or the screws may
cut through the FRP at the eventual failure.

Based on the existing research, a new technique named hybrid-bonded FRP (HB-FRP)
proved to be a relatively more effective method combining the EB-FRP system with the
MF-FRP system [29,30]. It was found that the ultimate bearing capacity of the HB-FRP
strengthened RC beam was 7.5 times that of the conventional EB-FRP strengthened RC
beam, thus successfully avoiding the intermediate crack-induced debonding failure [30].
Continuously, a finite element model was developed to evaluate the bond strength of
the HB-FRP retrofitted concrete beams, while the accuracy of models was demonstrated
by comparisons between the predictions of the models and the test results [31]. The
experimental studies and numerical analyses of the bond between HB-FRP and concrete
indicated that the ultimate strength, the FRP utilization, and the ductility significantly
increased with the increase in the applied torque on steel bolts to increase the interfacial
friction, and the ultimate strength linearly increased to approach an asymptotical upper
limit with the number of mechanical fasteners [32–36].

Therefore, the literature review indicates that almost no studies have been carried
out on the bond behavior between HB-FRP and heat-damaged concrete, although the
latent possibility existed on the bond properties of HB-FRP with heat-damaged concrete
affected by exposure to elevated temperatures [19–21]. This promotes the study of the bond
behavior between HB-FRP and heat-damaged concrete, which could provide a reliable
design of HB-FRP applied to strengthen fire- or heat-damaged RC structures.

2. Experimental Program
2.1. Details of Test Specimens

A total of 76 single-shear CFRP-to-concrete joints were prepared; 2 of them were
identical as a group. A total of 28 groups were HB-CFRP joints while the remaining were
EB-CFRP joints serving as references. The experimental parameters included the exposure
temperatures of concrete blocks, the number of mechanical fasteners, and the layers of
bonded CFRP.
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As demonstrated in the literature, the compressive strength was significantly decreased
when the temperature of concrete was over 500 ◦C [37,38], at which the heated concrete was
removed before concrete structures were strengthened. Hence, five exposure temperatures,
including ambient, 100 ◦C, 200 ◦C, 300 ◦C, and 400 ◦C, were adopted and labeled as TA,
T1, T2, T3, and T4, respectively. The number of mechanical fasteners was 1, 2, and 3,
respectively. And they were labeled as N1, N2, and N3. The bonded CFRP layers were 1 or
2 and labeled as C1 and C2. However, three fasteners could not be fastened for concrete
blocks after exposure to 400 ◦C because of concrete splitting failure during the drilling
holes process.

As illustrated in Figure 1, the CFRP sheet was bonded on the surface of a concrete
block with a dimension of 150 mm × 150 mm × 300 mm. The bond width and length of
CFRP sheet were 50 mm and 200 mm, respectively. To prevent stress concentration at the
load end of the specimen, a 40 mm non-bonded segment was reserved near the loading
end. The frictional resistance at the debonding interface can be enhanced with an improved
mechanical fastening system [39], so this system was adopted. The mechanical fastener
consisted of a steel cover plate, two screw bolts, and nuts, as illustrated in Figure 1e. The
steel cover plate used in this study was 110 mm long, 30 mm wide, and 5 mm thick. Two
screw bolts of 5 mm diameter were used with each mechanical fastener.
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Figure 1. Test specimen for: (a) EB series, (b) HBN1 series, (c) HBN2 series, (d) HBN3 series, and
(e) HBN2 series (side view).
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Concrete blocks were heated with a heating rate of 20 ◦C/min to 100 ◦C, 200 ◦C,
300 ◦C, and 400 ◦C, and then they were kept for 2 h inside the electrical furnace. After that,
the heated blocks were cooled in the furnace by opening the door. The CFRP sheets were
bonded to concrete blocks using the HB technique as follows. Firstly, the bond surface
of each concrete block was roughened using a hand-grinding blade until the aggregate
became clear. Secondly, as illustrated in Figure 1e, the holes, with diameters of 8 mm
and 50 mm deep on the pre-marked locations of concrete, were drilled with a drilling
bit. Two predrilled holes were required for each mechanical fastener. The dust inside the
holes and on the surface of concrete was cleaned using a blower. After that, the CFRP
sheet was bonded on the surface of the concrete using a wet lay-up process. When the
adhesive-bonded CFRP on the concrete surface hardened, some epoxy was filled into the
predrilled holes and the bolts were implanted in these holes, the steel cover plate was
bonded on the surface of a CFRP sheet using epoxy resin adhesive. Finally, a torque of
5 N·m was applied on the nut using a torque wrench when the epoxy hardened.

2.2. Materials

The concrete mixture was designed for a target cubic compressive strength of 50 MPa
after a standard curing age of 28 days. The tested value of cubic compressive strength was
53.2 MPa. After exposure to high temperatures of 100 ◦C, 200 ◦C, 300 ◦C, and 400 ◦C for
2 h inside the electrical furnace, the compressive strengths of concrete cube were 49.5 MPa,
42.4 Mpa, 40.1 Mpa, and 35.8 MPa, respectively.

The tested tensile strength, modulus of elasticity, and ultimate strain of the CFRP
sheet were 2613 MPa, 245 GPa, and 1.76%, respectively. The tensile strength, modulus of
elasticity, and elongation of the adhesive were 43.7 MPa, 2612 MPa, and 1.54%, respectively.
The tensile strength of the bolt used for the mechanical fasteners was 400 MPa with a yield
strength of 320 MPa.

2.3. Test Setup and Instruments

The test setup is shown in Figure 2. The free end of the concrete block was firmly fixed
to the top of a steel beam using a clamping system. The tensile load applied to the CFRP
sheet increased monotonically until failure. Two linear variable displacement transducers
(LVDTs) were parallelly installed at the loaded and free ends of the joint to measure the
bond slip between the CFRP and concrete. The strain gauges were pasted on the CFRP
sheet, as illustrated in Figure 2, in order to monitor the CFRP strains. The readings from
the LVDTs, the strain gauge, and load transducers were recorded with a data acquisition
instrument connected to the computer.
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3. Results and Discussions
3.1. Failure Patterns

The main test results are summarized in Table 1. Where Pu is the ultimate load for
the specimens, D denotes the failure of the CFRP debonding, CF denotes the failure of the
CFRP fracture, BF denotes the failure of the bolt fracture, and CST denotes the shear-tension
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failure of the concrete. The utilization rate is calculated with the measured maximum CFRP
strain at the bonding interface divided by the CFRP tensile rupture strain.

Table 1. Summary of test results.

Specimen Exposure
Temperature (◦C)

Number of
Fasteners CFRP Layers Pu (kN) Standard

Deviation
Failure
Pattern

Utilization
Rate (%)

EB-TAC1

Ambient

0 1 9.43 0.95 D 38
EB-TAC2 0 2 12.70 0.35 D 29

HB-TAN1C1 1 1 19.97 1.81 D 60
HB-TAN1C2 1 2 25.43 0.90 D + BF 46
HB-TAN2C1 2 1 21.54 1.59 CF 91
HB-TAN2C2 2 2 26.53 0.67 D + BF 46
HB-TAN3C1 3 1 27.04 0.31 CF 90
HB-TAN3C2 3 2 31.68 2.20 D + BF 36

EB-T1C1

100

0 1 10.06 0.99 D 31
EB-T1C2 0 2 13.60 0.47 D 20

HB-T1N1C1 1 1 20.05 1.98 D + BF 56
HB-T1N1C2 1 2 23.82 1.97 D + BF 32
HB-T1N2C1 2 1 22.05 1.61 D + BF 62
HB-T1N2C2 2 2 25.39 2.04 D + BF 28
HB-T1N3C1 3 1 25.71 1.66 D + BF 51
HB-T1N3C2 3 2 28.03 2.13 D + BF 39

EB-T2C1

200

0 1 11.20 0.20 D 34
EB-T2C2 0 2 14.86 1.18 D 23

HB-T2N1C1 1 1 20.79 1.30 D + BF 53
HB-T2N1C2 1 2 19.93 0.51 D + BF 39
HB-T2N2C1 2 1 22.76 0.35 D + BF 49
HB-T2N2C2 2 2 22.41 1.26 D + BF 30
HB-T2N3C1 3 1 26.26 1.01 CF 88
HB-T2N3C2 3 2 21.93 2.82 D + BF 39

EB-T3C1

300

0 1 10.38 0.39 D 39
EB-T3C2 0 2 13.99 1.00 D 25

HB-T3N1C1 1 1 20.13 1.89 D + BF +
CF 86

HB-T3N1C2 1 2 23.47 0.28 D 29
HB-T3N2C1 2 1 19.03 1.10 D + BF 40
HB-T3N2C2 2 2 30.39 0.83 D + BF 37

HB-T3N3C1 3 1 26.38 0.83 D + BF +
CF 75

HB-T3N3C2 3 2 26.53 0.83 D + BF 35

EB-T4C1

400

0 1 15.88 1.06 D + CST 40
EB-T4C2 0 2 16.86 0.98 D + CST 31

HB-T4N1C1 1 1 22.76 2.16 D + BF 67
HB-T4N1C2 1 2 22.72 0.55 D + BF 32
HB-T4N2C1 2 1 28.97 0.28 D + BF 54
HB-T4N2C2 2 2 31.29 0.16 D + CST 32

3.1.1. EB Specimens

The failure of the EB-CFRP joints was characterized using the CFRP sheet bonded
with a thin layer of concrete that peeled away from the concrete surface, as shown in
Figure 3. The heat-damaged temperatures presented an obvious effect on the bond failure
of the joints. For specimens heated to temperatures over 300 ◦C, a thicker layer of concrete,
including fractured aggregates, peeled away from the concrete surface and the debonding
area of the concrete substrate was rough, with the aggregates being evidently visible and
loose (Figure 3b,c). Furthermore, a concrete wedge was pulled out near the loaded end
due to the decreased shear strength of concrete after exposure to 400 ◦C, see Figure 3d.
This is mainly because the adhesive bond had been transferred into the substrate concrete.
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However, the tensile strength of the concrete decreased dramatically after exposure to
400 ◦C, which resulting in the shear-tension failure of the concrete.
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3.1.2. HB Specimens

The failure patterns of the HB-CFRP joints observed in this experiment were classified
into four types (as illustrated in Figure 4): CFRP debonding, CFRP fracture, CFRP debond-
ing combined with bolt fracture, and CFRP debonding combined with the shear-tension
failure of the concrete.
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Figure 4. Typical failure patterns of HB-CFRP specimens for the following: (a) CFRP debonding (HB-
TAN1C1), (b) CFRP fracture (HB-TAN3C1), (c) CFRP debonding with bolts fracture (HB-TAN3C2),
(d) Failure surface (HB-TAN3C2), (e) CFRP debonding with shear-tension failure of concrete (HB-
T4N2C2), and (f) Failure surface (HB-T4N2C2).
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Based on the test results, the failure pattern of the HB-CFRP joints was significantly
influenced by the exposed temperature, the number of mechanical fasteners, and the CFRP
layers. After exposure to high temperatures, the failure pattern of the single-layer HB-CFRP
joints changed from CFRP debonding or CFRP fracture to CFRP debonding combined with
bolt fracture. This may be attributed to the occurrence of concrete cracks after exposure to
high temperatures, resulting in the increased roughness of concrete surfaces to increase
the friction of the bond surfaces. As a result, the shear capacity of the bolt dominated the
failure of the HB-CFRP joints with heat-damaged concrete.

With the increase in the numbers of mechanical fasteners, the failure patterns of the
single-layer HB-CFRP joints with unheated concrete changed from CFRP debonding to
fracture due to the increase in normal pressure on the bonded CFRP, which resulted in an
increase in friction at debonding.

Most of the two-layer HB-CFRP joints failed due to CFRP debonding combined with
bolt fracture because of the high ultimate strength of the two CFRP layers. As a result, the
bond strength of the CFRP sheet to the adhesive layers and the shear capacity of the bolt
dominated the failure of the HB-CFRP joint. As indicated in Figure 4e,f, the failure pattern
of specimen HB-T4N2C2 was CFRP debonding combined with the shear-tension failure
of concrete which leads to the mechanical fastener near the loaded end partially pulling
out from the concrete substrate. This is mainly due to the decrease in the shear strength of
concrete after exposure to high temperatures.

3.2. CFRP Strain Distribution

The distributions of CFRP strain along the bonded length at load levels of 30%, 50%,
70%, 90%, and 100% of the failure are illustrated in Figure 5.
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As illustrated in Figure 5a, for EB joints, the CFRP strain was mainly concentrated
within 50 mm of the loading end when the load was less than 0.9 Pu, resulting in a steep
slope. When the load increased to Pu, the strain near the loading end increased sharply
and the strain developed toward to the free load, indicating the occurring of the debonding
of the CFRP sheet.

For the one-fastener joint (see Figure 5b), the CFRP strain mainly concentrated in the
area between the fastener and the loaded end, and significantly increased with an increase
in the loading levels. Obviously, there was a low gradient of the CFRP strain between the
fastener and the loaded end when the load was higher than 0.7 Pu, indicating the occurring
of the debonding of the CFRP sheet before the fastener. In contrast, the CFRP strain was
constantly low in the area between the fastener and the free end when the load was less
than 0.9 Pu. Hence, there was a large gradient of the CFRP strain before and after the
fastener, indicating the fastener delayed the propagating debonding cracks. When the
load increased to Pu, the CFRP strain in the rear region of the fastener increased obviously,
indicating the complete debonding of the CFRP.

For the two-fasteners joints (see Figure 5c), there was a large strain gradient at the
fastener closest to the loaded end at low loading levels. When the loads increased to 0.9 Pu,
the CFRP strain between the two fasteners began to obviously increase and showed a gentle
gradient, indicating the strain passed through the fastener closest to the loaded end to
the free end. The joints anchored with three fasteners showed similar strain development
trends, which passed through, in turn, the fastener closest to the loaded end, the middle
fastener, and the fastener closet to the free end with the increase in loading levels (see
Figure 5d).

The strain distribution described above demonstrates that the mechanical fasteners
could effectively hinder the debonding of the CFRP sheet, and contributed to the increase
in the CFRP utilization rate, as illustrated in Table 1. For example, the utilization rate of
single-layer CFRP joints with unheated concrete increased by 57.9%, 139.5%, and 136.8%
when the number of mechanical fasteners increased to one, two, and three.

3.3. Ultimate Load

The ultimate load for the EB and HB joints is denoted as Pu and the values are listed
in Table 1, as well as graphically illustrated in Figure 6.
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It shows that the ultimate load Pu of the joints increased with the number of the
mechanical fasteners. Compared with single-layer EB-CFRP with unheated concrete (EB-
TAC1), the ultimate load increased by 111.77%, 128.42%, and 186.74% for the HB-CFRP
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joints, respectively, anchored with one, two, and three mechanical fasteners. While the HB-
CFRP joints with heat-damaged concrete showed lower increases in ultimate load with the
increase in the numbers of the mechanical fastener. This is largely since the exposure to high
temperature causes damage to the concrete, making the bond between the heat-damaged
concrete and the fasteners worse.

The ultimate loads of the joints affected by exposure to high temperatures are summa-
rized as follows. The EB-CFRP joints provide the ultimate load with a slight increase below
the temperature of 200 ◦C, a slight decrease at the temperature of 300 ◦C, followed by a
significant increase at a temperature of 400 ◦C. The single-layer HB-CFRP joints anchored
with one or two fasteners present a similar trend (Figure 6a). This is probably due to
two reasons. On the one hand, high temperatures over 100 ◦C cause pores and cracks in
the concrete, through which the epoxy penetrates into the heat-damaged concrete, which
results in an improvement in the bond performance of the CFRP to heated concrete. On
the other hand, the compressive of the concrete decreases obviously after exposure to high
temperatures over 300 ◦C, which results in the deterioration of their bond behavior. In
the end, the ultimate loads of the joints neither monotonically decrease nor increase with
the increase in the exposure temperature. Moreover, the ultimate loads of the single-layer
EB- and HB-CFRP joints anchored with one or two fasteners with heat-damaged concrete
were mostly higher than those of the joints with unheated concrete, while the ultimate
loads of the HB-CFRP joints anchored with three fasteners decreased after exposure to
high temperatures. This can be explained by the result that the high temperature leads to a
decrease in concrete strength, making substrate concrete vulnerable to damage during the
hole-drilling process.

4. Bond Strength Analytical Model
4.1. Strength Analytical Model

Based on the test results, the analytical model needs to predict three distinct possible
failure mechanisms for HB-CFRP joints with heat-damaged concrete.

4.1.1. CFRP Bonding

Based on the mechanism proposed by Wu et al. [30], the load corresponding to FRP
bonding consists of three parts: the interfacial adhesion (Pa) of FRP, the friction bond
strength (Pf), and the dowel force of the anchor (Pd). However, the dowel force of the
anchor Pd is very small, and generally not considered. Therefore, the FRP bonding load
can be calculated as follows:

PB = Pa + Pf (1)

The friction force Pf comes from the normal pressure that is exerted on the FRP sheet
by the mechanical fasteners, as shown in Equation (2).

Pf = mµNa (2)

where m is the total number of mechanical fasteners; µ is the friction coefficient between
two rough concrete surfaces; and Na is the normal pressure exerted on the FRP strip by one
mechanical fastener.

Although the friction coefficient between two rough concrete surfaces after high
temperatures was a little higher than that at ambient temperature due to the heated cracks,
it is still taken as 0.96, as measured by Wu et al., at ambient temperature [30].

Na can be calculated using Equation (3).

Na =
2T

k · D (3)

where T is the applied torque (N·m); D is the diameter of the screw bolt (mm); and k is the
torque coefficient, which was determined to be 0.245 using the test.
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The interfacial adhesion Pa has been well studied by many researchers under ambient
temperatures. Among them, the model proposed by Chen and Teng [40], based on fracture
mechanics, was proven to be valid by comparing the calculated bond strength with the
measured values of a series of specimens tested by the authors and other researchers.
However, the temperature of heat-damaged concrete was not considered in this model.

Liu et al. modified the model (Chen–Teng) to make it applicable to the bond strength
of EB-CFRP joints with heat-damaged concrete, based on experimental data tested by the
authors and other researchers [21]. The modified model to predict the bond strength of
EB-FRP with heat-damaged concrete is as follows:

Pa = 0.478αTβpβL

√
f ′cTbpLe (4)

where αT is a regression coefficient; βp is a bond width factor; βL is a bond length factor;
and f

′
cT is the cylinder compressive strength of concrete at elevated temperatures.

αT equals to 1 at ambient temperature, while it was determined by fitting the experi-
mental results of the EB-CFRP joints with heat-damaged concrete, as given in Equation (5).

αT = −3× 10−6T2 + 0.0018T + 0.8779, 20 ◦C < T ≤ 600 ◦C (5)

where T is the exposure temperature of the concrete.

βp =

√
2− bp/bc

1 + bp/bc
(6)

where bp and bc are the width of CFRP sheets and concrete block, respectively.

βL =

{
1, L ≥ Le

sin πL
2Le

, L < Le
(7)

Le =

√√√√ EPtP√
f ′cT

(8)

where L is the CFRP bond length (mm); Le is the effective bond length; and Ep and tp are
the modulus of elasticity and the thickness of FRP.

f
′
cT is given in Equation (9) [41].

f
′
cT =

{
f
′
c(1.01− 0.00055T) (20 ◦C < T < 200 ◦C)

f
′
c(1.15− 0.0012T) (200 ◦C ≤ T < 800 ◦C)

(9)

where f
′
c is the cylinder compressive strength of the concrete under an ambient temperature

(MPa).

4.1.2. CFRP Bonding Combined with Bolt Fracture

As observed in this test, the bolt fracture was followed by CFRP bonding for some
HB-CFRP joints. The fracture of the bolts leads to the release of the normal pressure exerted
on the CFRP sheet, resulting in the loss of friction on the interface between the HB-CFRP
and the concrete. As a result, the ultimate load corresponding to this combined failure
consists of two parts: the interfacial adhesion (Pa) of the CFRP and the shear strength of
the bolts, as shown in Equation (10):

Pcombined = Pa + Ps (10)
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where Pa is the interfacial adhesion that was calculated using Equation (4) and Ps is the
shear strength of the bolt that was calculated using Equation (11):

Ps = m[τu]Am (11)

in which [τu] is the allowable shear strength of the bolt (MPa) and Am is the cross-
sectional area of a single bolt (mm2).

Bolt fracture failure is an undesirable failure when it comes to structural retrofitting, as
this would mean that the mechanical fastener is insufficient. Taking this into consideration,
treating the bolt fracture as a failure pattern should be avoided for design purposes, with a
minimum cross-sectional area of a single bolt being sufficient to ensure the shear capacity
of the bolts.

4.1.3. Fracture of CFRP

Based on the assumption of a linear relationship between the stress and strain of CFRP,
the load corresponding to the fracture of the CFRP sheet can be given as follows:

PFRP = nAFRP fFRP (12)

where n is the number of CFRP layers; AFRP is the cross-sectional area of a single CFRP
layer; and f FRP is the ultimate tensile strength of the CFRP.

For design purposes, the ultimate strength of the HB-CFRP with unheated and heat-
damaged concrete is given using Equation (13).

Pu = min{PB, Pcombined, PFRP} (13)

4.2. Calibration of the Proposed Model

The calculated and experimental ultimate strength are denoted as Puc and Pue, illus-
trated in Figure 7, which shows that the modified ultimate load model of the HB-FRP joints
with unheated and heat-damaged concrete has good accuracy. The average ratio of the
calculated to experimental values for the HB-FRP joints is 0.991, with a variation coefficient
of 0.038.
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5. Conclusions

In this paper, an experimental and analytical investigation was carried out to study
the bond performance of the HB-CFRP joints with heat-damaged concrete. Based on the
results, the following conclusions can be drawn:
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(1) The exposed temperature and number of mechanical fasteners have an obvious effect
on the failure mode of the HB-CFRP joints. After exposure to 400 ◦C, the HB-CFRP
joints were prone to fail due to the shear-tension failure of the concrete that lost
the shear strength. The increase in the number of mechanical fasteners changed the
failure patterns of the single-layer HB-CFRP joints with unheated concrete from the
debonding to the fracture of the CFRP, due to the increase in normal pressure on the
bonded CFRP.

(2) In comparison with the reference joints without fasteners, the utilization rate of
single-layer CFRP joints with unheated concrete increased by 57.9%, 139.5%, and
136.8% when the number of mechanical fasteners increased to one, two, and three.
Accordingly, the ultimate strength increased by 111.77%, 128.42%, and 186.74%.

(3) The ultimate load of most EB- and HB-CFRP joints anchored with no more than three
fasteners is higher than that of the reference joints when the exposed temperature is
no more than 400 ◦C. However, the ultimate load of the HB-CFRP joints anchored
with three fasteners decreases after exposure to high temperatures due to the loss of
strength of heat-damaged concrete.

(4) A predictive model for the bond strength of the HB-FRP joints with unheated and
heat-damaged concrete interface was proposed. Its validity was verified by comparing
the calculated with the measured bond strengths of a series of specimens tested by
the authors and other researchers.
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