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Abstract: The bond performance of CFRP to concrete plays a vital role in CFRP strengthening on
concrete structures. In this paper, an experimental study was carried out to investigate the bond
performance of CFRP to concrete with a convex-circular arc interface. The main factors were the
curvature of the concrete surface and the bond length and the layers of the CFRP laminate. Based on
the experimental results, the failure mode of the bond specimens, the variation of the bond capacity,
the CFRP strain, and the bond–slip constitutive model are analyzed. The results showed that most
of the specimens failed to peel off the interface concrete, and the bond capacity tended to increase
with the increase in bond length when the bond length was within an effective value. When the
interface curvature increased to 1/0.8 m, the bond capacity tended to increase due to the CFRP
exerting a certain pressure on the concrete surface. The prediction formula of the bond capacity
between the CFRP and concrete is proposed considering the influence of the interface curvature. The
bond–slip curves are given out based on the finite differential analysis of the strain distribution of
CFRP laminates. The accuracy and applicability of the proposed model are verified with a comparison
to the test results and other existing models.

Keywords: CFRP; concrete; bond capacity; interface curvature; bond–slip; constitutive model

1. Introduction

In the process of providing service, damage accumulation and strength degeneration
will inevitably occur in the reinforced concrete structures that are subjected to the combined
action of external loads and environmental erosion. If the necessary measures are not taken,
the reinforced concrete structures will greatly decrease in performance, and even create
sudden damage. Under normal circumstances, reinforced concrete structures that are not
severely damaged can be strengthened to meet the requirements of both the serviceability
limit state and bearing capacity limit state [1–3]. Reinforcing and maintaining damaged
reinforced concrete structures has become a global concern of engineers. Fiber-reinforced
polymer (FRP) is composed of fiber and resin matrix, which boasts high strength and
superior corrosion resistance, as well as being a lightweight and convenient construction.
This highlights that the FRP is rational to be widely applied for the reinforcing of concrete
structures [4–9].

As is known, the strengthening effect of FRP is largely affected by the bond perfor-
mance between FRP and concrete. Interface debonding will cause the premature failure
of FRP-strengthened concrete structures [10–15]. Therefore, to explore the bonding mech-
anism and the failure modes, some studies have been carried out on the performance of
the FRP–concrete interface using theoretical, experimental, and numerical methods [16–22].
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Ascione et al. [16] examined the applicability of five existing bond–slip interface models
for steel-wire reinforced polymer-concrete interfaces, and proposed a new model that had
better accuracy than the existing models. Lamberti et al. [17] predicted the debonding of
FRP laminate from concrete under monotonic and cyclic loads using a relatively simple
nonlinear analytical model. Liu et al. [18] carried out an experiment study of the bond
behavior of hybrid bonded CFRP to heat-damaged concrete, considering the effects of
the exposure temperature of concrete, the number of mechanical fasteners, and the layers
of bonded CFRP. In the aspect of FRP-strengthened concrete joints or elements, there are
several possible failure modes of FRP bonded to concrete, including FRP rupture, FRP-
adhesive interface debonding, internal failure of the adhesive layer, adhesive-concrete
interface debonding, and concrete surface failure [19–22]. With the lower tensile strength
of concrete than that of FRP and adhesive, the surface concrete is generally damaged under
the action of interfacial shear force.

The bond performance of FRP to concrete is affected by key factors including the
bond length, width ratio of FRP to concrete, concrete strength, and FRP performance. The
debonding bearing capacity will be increased with the increase in bond length, but it cannot
be increased when the bond length is over an effective length; the effective length depends
on the properties, geometry, and surface condition of the concrete specimens and the type
and properties of the FRP; a longer bond length contributes to improving the ductility at
failure [23–25]. A higher bond strength between FRP and concrete can be obtained with a
smaller width ratio of FRP to concrete [22,25,26]. As the debonding of FRP occurred near
the surface layer of concrete, the interfacial bearing capacity is obviously influenced by
the strength of concrete [27–30]. However, the concrete strength will be decreased in the
occurrence of a fire accident. Therefore, Liu et al. [31] conducted an experimental study
of the effect of high temperatures on the CFRP–concrete bond strength, and the results
showed that the residual bond strength was lower than that of the reference specimens
when the temperature exceeded 500 °C due to the concrete cracking after exposure to high
temperatures. The temperature and humidity of the external environment also have an
adverse effect on the bond strength of FRP [20,32–34]. In addition, the aggregate distribution
in concrete and the surface treatment method of concrete will affect the interface bond
performance. The increased uneven interface friction of the treated concrete surface could
increase the infiltration degree of epoxy resin, which improved the bond strength to a
certain extent [35]. An increase in the concrete surface roughness through sandblasting
could improve the interfacial bond bearing capacity [36,37]. Using a surface-embedded
reinforcing technique to ensure that the FRP plate is embedded into the concrete, both the
resistance to external force and durability of FRP can be greatly improved due to FRP and
concrete having two bond surfaces in this method [38,39].

In summary, the role of key factors, including the bond length, concrete strength, and
FRP properties, on the mechanical aspects of the bond has been investigated. However,
the existing studies mainly focus on the bond of FRP to concrete with a plane surface,
and there is a lack in research on the bond performance between FRP and concrete with a
curved interface. When the outer surface of the strengthened concrete is curved or has a
certain curvature, such as curved beams and concrete pipes [40,41], the bearing capacity
of the bonded interface is still not clear. This is a research gap that needs to be filled for
the reliable bonding of FRP to concrete with a curved interface. Therefore, with the aim to
clarify this issue, single shear tests were carried out on the bond performance of carbon
fiber-reinforced polymer (CFRP) to a curved surface of concrete. The main factors included
the surface radian of concrete, the bond length of CFRP laminate, and the layers of CFRP
laminates. Based on the analysis of the experimental data, the effects of the tested factors
are analyzed, the calculation formula of the peeling bearing capacity is proposed, and the
bond–slip constitutive model is presented.
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2. Experimental Program
2.1. Specimen’s Design

A total of eighteen groups of single shear bond specimens were designed with different
concrete surface curvatures, bond lengths, and CFRP layers. Each group contained three
identical specimens. To prevent concrete failure at the loading end of the specimen, an
unbonded zone of 40 mm long was reserved away from the loading end [42,43]. The
width of all CFRP laminates is 50 mm, and the details of bond specimens are shown in
Figure 1. The chosen radius of the reinforced concrete element was 0.8 m and 1.8 m, and the
corresponding convex-circular arc curvature was 1/(0.8 m) and 1/(1.8 m), respectively. The
specimen with a plane surface was used as a reference. The concrete blocks were designed
to different thicknesses for convenience of loading requirements. The letter “L” in Figure 1
represents the bond length. The bond length in this experiment was 80 mm, 120 mm, and
160 mm, respectively. The CFRP was bonded as a layer or two layers to investigate the
effect of the CFRP thickness on the bond behavior.
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2.2. Material Properties

The designed cube compressive strength of concrete at curing age of 28 day was
55 MPa. Table 1 shows the mix proportion design of concrete with a water–binder ratio of
0.33 used in this experiment. Common Portland cement (52.5 R), river sand, and 5–16 mm
nature gravel were used as the raw materials. Accompanied with the specimens for the
bonding test, the cubic specimens were fabricated. The cube compressive strength of the
concrete was measured using a group of cubic specimens with a dimension of 150 m.

Table 1. Mix proportion of concrete (kg/m3).

Water Cement Fly Ash Fine Aggregate Coarse Aggregate Water Reducer

141 360 64 698 1188 6.36

With the aim of applying the CFRP to reinforcing the existing curved beams or concrete
pipes using prestressed technics [9,44], high-strength CFRP with a higher modulus of
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elasticity was selected in this study. The nominal thickness of the CFRP laminate was
0.167 mm. The tested tensile strength, modulus of elasticity, and the ultimate strain of
CFRP were 2506 MPa, 245 GPa, and 1.76%, respectively. The tensile strength and the
tensile modulus of the adhesive were 43.7 MPa and 2.61 GPa, according to the report
of manufacturer.

2.3. Preparation of Bonding Specimens

The surfaces of concrete were brushed to remove the surficial mortar until the coarse
aggregates were visible and cleaned with a vacuum cleaner. The treated surfaces were
saturated with epoxy primer, while the CFRP laminates were also saturated in the epoxy
resin. The primer and resin were two-component epoxy, which is composed of part A (base
component) and part B (hardener). According to the recommendations of the manufacturer,
the primer and resin were made by mixing parts A and B in a mass ratio of 2:1. Next,
the saturated CFRP laminate was bonded to the concrete surface. The air in the bonding
area was removed using a roller that rolled along the direction of the fibers. The average
thickness of the polymer and epoxy was about 1.0 mm. As shown in Figure 2, all bond
specimens were cured for 7 days under ambient conditions before testing.
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2.4. Single Shear Test Method

The loading device is depicted in Figure 3. The concrete specimen was fixed on the
reaction frame, and the CFRP at the loading end was kept in a horizontal state. To obtain
the slip of CFRP at the loading end, two linear variable displacement transducers (LVDTs)
were arranged on the loading end of the CFRP laminate and concrete block, respectively.
Along the CFRP laminate, three to five strain gauges were arranged along the centerline of
the CFRP laminate to measure longitudinal strains. For each FRP bond length specimen,
the distance of the strain gauges from the loaded end xi is shown in Table 2. The CFRP was
gripped by a clamp. This clamp was a flat-plate anchor, which was linked using a steel bolt.
The steel bolt was fixed at the end after passing through a hollow hydraulic jack and a load
sensor. The clamp could be fixed on the base during the installation, and it could slide in
the horizontal direction during loading process. The pull-off force was applied using the
hydraulic jack at a rate of 10 N/s, and measured by the load sensor with the accuracy of
1 N. In the process of pull-off loading, the data acquisition system was utilized to collect
the test data of displacements, load, and CFRP strains.
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Table 2. Distance x (mm) of strain gauges from the loading end.

Bond Length (mm) x1 x2 x3 x4 x5

80 5 35 75 - -

120 5 35 75 115 -

160 5 35 75 115 155

3. Results and Analysis
3.1. Failure Pattern

The typical failure of the bonding specimens presented a concrete debonding pattern.
It was observed that CFRP was peeled off with a thin layer of concrete, and some coarse
aggregates were exposed, as illustrated in Figure 4. For the one-layer CFRP specimen with
a plane interface, the debonding failure was brittle when the bond length was 80 mm,
as shown in Figure 4a. As the bond length increased, the debonding initiated from the
loading end and propagated toward the free end of the CFRP laminate (Figure 4b). The
same failure mode was observed for the K2 series specimens, as shown in Figure 4c,d;
note that the thickness of the peeling off concrete that was bonded on the CFRP laminate
increased compared with the specimens with a plane interface. This indicated that the bond–
surface curvature of concrete will affect the CFRP–concrete bond strength. By contrast, the
two-layer CFRP laminate specimen had a larger thickness of peeling off concrete on the
CFRP compared with the one-layer CFRP laminate specimen, as seen in the comparation in
Figure 4a,e,d,f.

3.2. Ultimate Bearing Capacity
3.2.1. Effect of Bond Length and Layers of CFRP Laminates

Figure 5 shows that the load capacity of the one-layer and two-layer CFRP specimens
varies with the bond length. For the one-layer CFRP specimens, the load capacity had an
increase of about 15% when the bond length increased from 80 mm to 120 mm, while the
load capacity had an increase of about 7% when the bond length ranged between 120 mm
and 160 mm. Comparatively, the two-layer CFRP specimen only had a small increase in
the load capacity, of about 3%, when the bond length increased from 80 mm to 120 mm;
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however, the load capacity presented an increase of 8% when the bond length increased
from 120 mm to 160 mm.
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3.2.2. Effect of Bond Surface Curvature of Concrete

Figure 6 exhibits the load capacity of the bond specimens with the interface curvature.
Generally, the load capacity of the bond specimens increased with the interface curvature.
With the increase in the interface curvature from 0 to 1/0.8 m, the average load capacity
of the one-layer and two-layer CFRP specimens had an increase of about 9% and 42%,
respectively. This indicates that the two-layer CFRP specimens had a much higher load
capacity than the one-layer CFRP specimens. This can be explained using the bearing
condition of a circular arc infinitesimal element of CFRP, as shown in Figure 7. The
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tangential force will create a component pressure on the convex-curved interface along the
normal direction, which will provide a confinement to the peeling off of CFRP laminate
during the loading process.
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The bond stress and normal stress are assumed to be uniform along the convex-circular
arc infinitesimal element. Based on the force equilibrium of the infinitesimal element, the
equation along the x and y axis can be presented by:

(σf + dσf) · tf · cos
dθ

2
− σf · tf · cos

dθ

2
= τ · R · dθ (1)

(σf + dσf) · tf · sin
dθ

2
+ σf · tf · sin

dθ

2
= σn · R · dθ (2)

By substituting the equivalence infinitesimal and ignoring the infinitesimal of the
higher order, the equations can be simplified as follows:

dσf
Rdθ

=
τ

tf
(3)

σn ≈
σftf
R

(4)
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where τ is the interfacial bond stress, R is the radius of curvature, σf and σn are the axial
stress of CFRP and the normal stress on the convex-circular arc interface, respectively, and
tf is the thickness of the CFRP.

As observed from Equation (4), the normal stress σn is inversely proportional to the
radius of curvature R. The normal stress on the convex-circular arc interface will increase
with the decrease in the radius of curvature. This is the reason why the load capacity
changes with the interface curvature. The result is similar to the bond characteristics of
FRP-to-concrete under pressure in that the bond capacity between the CFRP and concrete
increased with the lateral pressure [45]. Meanwhile, it is also similar to the mechanism
of hybrid bonding FRP, which is achieved through applying lateral anchor force on the
CFRP [18].

3.2.3. Calculation Model

Based on the load capacity formula of an FRP-concrete bonded joint proposed by Chen
and Teng [22], the calculation formula of the interfacial debonding bearing capacity is given
considering the influence of the interface curvature.

Pu = αβLβwβKbfLe

√
f ′c (5)

βw =

√
2− bf/bc

1 + bf/bc
(6)

Le =

√
Ef/tf√

fc′
(7)

βK = 1 + γK (8)

where βL is a coefficient of the effective bond length, βL = 1 if L ≥ Le, βL = sin(πL/2Le) if
L < Le; βw is a coefficient of the width ratio of CFRP to concrete; βK is a coefficient of the
interface curvature, which can be determined from the test results with different interface
curvatures K, K = 0 when the bonding surface of concrete is plane; γ is a curvature influence
coefficient, γ = 0.07 and γ = 0.25 for one-layer CFRP and two-layer CFRP, respectively;
bf and bc are the widths of the CFRP laminate and concrete block, respectively; Le is the
effective bond length; Ef and tf are the elastic modulus and thickness of the CFRP; fc

′ is
the cylinder compressive strength of concrete, fc

′ = 0.79 fcu, fcu is the cubic compressive
strength; α is a constant determined by the regression of the test data, α = 0.22 obtained in
this test.

The bond capacity of the CFRP–concrete with a curved interface can be calculated
using Equation (5). The calculated values and experimental results of the load capacity
of each group specimen are summarized in Table 3. The tested load capacity of each
group was the average of the three identical specimens. The overall average ratio of the
calculated experimental results is 0.997 with a standard deviation of 0.099. The comparison
results show that Equation (5) has sufficient accuracy for predicting the load capacity with
a convex-circular arc surface, as well as a flat surface. Because the bond capacity of the
CFRP–concrete interface is affected by many more factors, the machine language algorithm
could also be adopted for future research works to improve the prediction accuracy and to
provide a more comprehensive understanding of the influencing parameters [46–49].

3.3. CFRP Strains

Figure 8 shows the strains along the CFRP laminate for some of the bond specimens
at different loading levels, which are equal to 0.3, 0.5, 0.7, 0.9, or 1.0 of the ultimate load
(Pu). When the load is lower than 0.7 Pu, the strain of the CFRP reaches the maximum at
the loading end and gradually decreases to the free end. With the further increase in the
loads, the strain of the CFRP near the loading end gradually increases. This indicates that
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the bond stress is gradually transferred from the loading end to the free end. According
to Equation (7), the calculated effective bond length is about 75 mm and 105 mm for the
one-layer and two-layer CFRP specimens, respectively. The strain of the free end slightly
changes during the loading process. This is because the actual bond length exceeds the
effective bond length, and the strain of the CFRP increases within a limit length.

Table 3. Comparison of tested with calculated values of the load capacity.

Group No. f cu
(N/mm2)

K
(1/m)

tf
(mm)

L
(mm) Test Result (kN) Calculated Value

(kN)
Calculated/Test

Result

K1L80P1 66.71 0 0.167 80 6.08 6.70 1.10

K2L80P1 66.71 1/1.8 0.167 80 6.75 6.96 1.03

K3L80P1 66.71 1/0.8 0.167 80 6.28 7.29 1.16

K1L120P1 51.62 0 0.167 120 6.76 6.29 0.93

K2L120P1 51.62 1/1.8 0.167 120 7.22 6.53 0.90

K3L120P1 51.62 1/0.8 0.167 120 7.94 6.84 0.86

K1L160P1 69.13 0 0.167 160 7.54 6.76 0.90

K2L160P1 69.13 1/1.8 0.167 160 7.86 7.03 0.89

K3L160P1 69.13 1/0.8 0.167 160 8.04 7.35 0.91

K1L80P2 69.13 0 0.334 80 8.28 8.89 1.07

K2L80P2 69.13 1/1.8 0.334 80 10.76 10.13 0.94

K3L80P2 69.13 1/0.8 0.334 80 10.80 11.67 1.08

K1L120P2 69.13 0 0.334 120 8.56 9.56 1.12

K2L120P2 69.13 1/1.8 0.334 120 10.97 10.89 0.99

K3L120P2 69.13 1/0.8 0.334 120 11.26 12.55 1.11

K1L160P2 61.20 0 0.334 160 8.81 9.28 1.05

K2L160P2 61.20 1/1.8 0.334 160 10.31 10.57 1.02

K3L160P2 61.20 1/0.8 0.334 160 14.33 12.18 0.85

Note: In the group No. of this table, the letter K represents the concrete surface curvature, the letter L denotes the
bond length, and the letter P represents the layer of CFRP.

From Figure 8a–c, the two-layer CFRP specimens create the CFRP strain ranging
between 7500 µε and 8200 µε at the loading end under the maximum load, and a longer
length of strain distribution can be found on the specimens with a curved interface. This
indicates that the effective bond length will increase because of the normal compress on the
bonding interface. As the slope of the curve is proportional to the local bond stress, the
slope of the curve near the free end increases when the load exceeds 0.7 Pu, which expresses
the transferring process of the bond stress to the free end. Meanwhile, the strain of the
CFRP bonded to concrete with a curved interface is higher than that of the specimen with a
plane interface at the same position. This indicates that the increase in concrete curvature
improves the transfer ability and ductility of the bond load.

From Figure 8d–f, the one-layer CFRP specimens show that the CFRP strain distribu-
tion varies with the bond length. When the bond length is 80 mm, the maximum strain
of the CFRP at the ultimate load is about 6500 µε; as shown in Figure 8d, the strain is
almost linearly decreased along the CFRP bond length at each load level. This indicates an
approximately uniform bond stress along the bond length. When the bond length increases
to 120 mm, the maximum strain of CFRP is about 7500 µε at 0.9 Pu, and the effective bond
length is about 77 mm, as shown in Figure 8e, which is close to the calculated result of
80 mm. When the bond length increases to 160 mm, the maximum strain of CFRP slightly
changes, while a strain plateau appears on the curves, as shown in Figure 8f; this indicates
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that the effective bond zone is shifted towards the free end of the CFRP. This explains why
the bearing capacity remains almost constant when the bond length exceeds the effective
bond length.
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3.4. Bond–Slip Constitutive Model

The local bond–slip constitutive relationship between CFRP and concrete is the basis
for determining the interfacial performance. The local bond slip could be obtained using
the CFRP strain measured in the experiment, according to the method in the existing
literature [50,51]. The CFRP laminate is discretized into multiple elements, as shown in
Figure 9.



Buildings 2023, 13, 3077 11 of 16

Buildings 2023, 13, x FOR PEER REVIEW 12 of 17 
 

the bearing capacity remains almost constant when the bond length exceeds the effective 
bond length. 

3.4. Bond–Slip Constitutive Model 
The local bond–slip constitutive relationship between CFRP and concrete is the basis 

for determining the interfacial performance. The local bond slip could be obtained using 
the CFRP strain measured in the experiment, according to the method in the existing literature 
[50,51]. The CFRP laminate is discretized into multiple elements, as shown in Figure 9. 

 
Figure 9. Schematic diagram of strain and bond stress. 

Assuming that the CFRP is a linear elastic material, the average bond stress between 
two adjacent strain gauges is calculated according to Equation (9): 

f,i 1 f,i f f
i

i

( )
 ( 1,2 1)

t E
i n

x
ε ε

τ + − ⋅ ⋅
= = −

Δ


 
(9)

where εf,i is the value of the ith strain gauge; Δxi is the distance between the ith and (i + 1)th 
strain gauges. 

The local slip is the difference between the elongation of the CFRP and the equivalent 
section elongation of the concrete and adhesive layer. 

( )i i 1 f,i m,i 0 ( 1,2 1; 0)δ δ−= + − = − =s s i n s  (10)

+1f,i f,i
f i,i 2

x
ε ε

δ
+

= ⋅Δ  (11)

m,i m,i+1
m, ii 2

x
ε ε

δ ⋅Δ
+

=  (12)

m,i-1 i-1 f i-1
m,i

m m

2
( 2,3, 1)

P b x
i n

A E
τ

ε
− ⋅ ⋅ ⋅ Δ

= = −
⋅

  (13)

load
m,1

m m  
P
A E

ε =
⋅

 (14)

m,i m,i m mP A Eε= ⋅ ⋅  (15)

where f,iδ   is the elongation of the CFRP at the section i; m,iδ  is the elongation of the 
equivalent cross-section at the section i; m,iε  is the strain of the equivalent cross-section 
at the section i; loadP  is the load at the loading end of CFRP; m,iP  is the load on the equiv-
alent element i; m mA E⋅ is the equivalent cross-section stiffness. 

According to Equations (9) and (10), the local bond stress and slip could be calculated, 
and the bond–slip curves of some specimens are plotted in Figure 10. 

Figure 9. Schematic diagram of strain and bond stress.

Assuming that the CFRP is a linear elastic material, the average bond stress between
two adjacent strain gauges is calculated according to Equation (9):

τi =
(εf,i+1 − εf,i) · tf · Ef

∆xi
(i = 1, 2 · · · · · · n− 1) (9)

where εf,i is the value of the ith strain gauge; ∆xi is the distance between the ith and (i + 1)th
strain gauges.

The local slip is the difference between the elongation of the CFRP and the equivalent
section elongation of the concrete and adhesive layer.

si = si−1 + (δf,i − δm,i) (i = 1, 2 · · · · · · n− 1; s0 = 0) (10)

δf,i =
εf,i+1 + εf,i

2
· ∆xi (11)

δm,i =
εm,i + εm,i+1

2
· ∆xi (12)

εm,i =
Pm,i−1 − 2 · τi−1 · bf · ∆xi−1

Am · Em
(i = 2, 3, · · · n− 1) (13)

εm,1 =
Pload

Am · Em
(14)

Pm,i = εm,i · Am · Em (15)

where δf,i is the elongation of the CFRP at the section i; δm,i is the elongation of the equivalent
cross-section at the section i; εm,i is the strain of the equivalent cross-section at the section i;
Pload is the load at the loading end of CFRP; Pm,i is the load on the equivalent element i;
Am · Em is the equivalent cross-section stiffness.

According to Equations (9) and (10), the local bond stress and slip could be calculated,
and the bond–slip curves of some specimens are plotted in Figure 10.

Overall, the bond–slip curve is composed of the ascending and descending parts.
The elastic stage, the softening stripping stage, and the complete stripping stage are the
important stages for these curves [52–56]. Referring to a two-stage model, which included
the ascending stage and descending stage, that was adopted to simulate the bond–slip
relationship of steel bars in concrete confined with stirrups under freeze–thaw cycles [57].
The bond–slip relationship can be expressed using the equations in Table 4, in which A
and B are constants determined by the test results, A = 0.8 and B = 3, which are obtained
through nonlinear curve fitting in this study for all groups of specimens.
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Table 4. Bond–slip models.

Bond–Slip Model Ascending Branch
s ≤ s0

Descending Branch
s > s0

τmax s0 su

Present model τmax(
s
s0
)A

τmax

s
s0

B( s
s0
−1)2+ s

s0

1.87βkβw ft 0.0195βw ft -

Monti et al. [58] τmax
s
s0

τmax
su−s
su−s0

1.87βkβw ft 0.0195βw ft
0.616β2

w
√

ft
τmax

Nakaba et al. [59] τmax(
s

s0
)
[
3/
(

2 + ( s
s0
)3
)]

3.5βk f 0.19
c 0.065 -

Savioa et al. [60] τmax(
s
s0
)
[
2.86/

(
1.86 + ( s

s0
)2.86

)]
3.5βk f 0.19

c 0.051 -

As presented in Table 4, three existing bond–slip models developed by Monti et al. [58],
Nakaba et al. [59], and Savioa et al. [60] were modified to make them applicable to the
bond strength of CFRP bonded to the curved concrete surface, in which βw and βK can
be obtained using Equation (6) and (8). The tensile strength f t and compressive strength
fc of concrete were related to the cube compressive strength of concrete, according to [30]:
ft = 0.395( fcu)

0.55 and fc = 0.76 fcu.
The bond–slip model proposed in this study was compared with the three existing

bond–slip models, as shown in Figure 10. This shows that the model proposed in this
study and Monti et al.’s model is closer to the test results than the other two models for the
ascending parts. On the other hand, for the descending parts, the model proposed in this
study is closest to the test results.

4. Conclusions

This paper presents the experimental work of the bond behavior between CFRP and
concrete with a convex-circular arc surface through single shear tests. Fifty-four pull-off
specimens were tested, considering the influence of the concrete interface curvature, the
bond length, and the CFRP layers. The following conclusions can be derived from the
results of this study:

(1) The peeling of CFRP was the main failure pattern of the bonding specimens. With the
increase in the concrete interface curvature from 0 to 1/(0.8 m), the bond capacity had
an increase of about 9% for the one-layer CFRP specimens, while it had an increase of
about 42% for the two-layer CFRP specimens.

(2) Considering the influence of the concrete interface curvature, the calculation formula
of the bond capacity of CFRP to concrete is proposed, and the curvature influence
coefficient is obtained through the regression of the experimental data. The appli-
cability of the formula was verified by comparing the calculated values with the
experimental results.

(3) The variation in the CFRP strain during the loading process was analyzed. The local
bond–slip curve of each specimen was calculated through the differential analysis of
the tested CFRP strains. A two-stage model is proposed for simulating the interface
relationship. In comparison with the three existing bond–slip models, the model
proposed in this study is closest to the test results.

(4) It should be noted that the scope of the present research has been limited to CFRP–
concrete bonded specimens with a convex-circular arc surface as well as a flat surface.
The present work can be applied to externally bonded CFRP laminates on strength-
ening concrete pipes and other concrete structural members with a convex curved
surface. Further efforts can be carried out on the bond behavior of CFRP to concrete
with more complex curved interfaces.
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