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9 Abstract

10  This study experimentally investigates the effect of concrete strength on the dynamic interfacial
11  bond behaviour between basalt fibre reinforced polymer (BFRP) sheets and concrete under
12 different loading speeds (i.e. 8.33E-6 m/s, 0.1 m/s, 1 m/s, 3 m/s, 5 m/s, and 8 m/s) by using
13 single-lap shear tests. Three concrete strengths (i.e. C20, C30, and C40) were considered to
14 examine the influence of concrete strength and strain rate on the interfacial bond-slip responses
15  under dynamic loadings. The test results including the strain distributions, interfacial fracture
16  energy, and bond-slip response were evaluated and discussed. The test results showed that the
17  BFRP-concrete interface exhibited sensitivity to strain rate and the bond strength and
18 interfacial shear stress increased with strain rate. Compared with high strength concrete, low
19  strength concrete showed higher strain rate sensitivity, which is induced by the different
20 interfacial fracture mechanisms under different strain rates. Empirical bond-slip model
21  incorporating the effects of concrete strength and strain rate was proposed based on fracture

22  mechanics.
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1. Introduction

Reinforced concrete (RC) structures may experience extreme loading conditions, such as
seismic, impact, and blast loadings, during their service life [1]. Numerous studies stated that
existing RC structures need to be strengthened to resist these extreme loads [2]. Concrete
exhibits sensitivity to high loading rates. It is a strain rate dependent material with respect to
the compressive and tensile strengths and Young’s modulus. The cause of strain rate in concrete
is induced by the viscoelastic behaviour and time-dependent micro crack growth of the cement

paste [3].

Fibre-reinforced polymer (FRP) sheet is widely utilized as strengthening as well as
rehabilitating material due to its high strength to weight ratio, great corrosion resistance and
ease of application [4, 5]. Externally bonded (EB) FRP composite is a very common method
for strengthening RC structures [6, 7]. Numerous investigations have been carried out on the
load-carrying capacity of EB FRP-strengthened RC elements, such as RC beams and slabs [8-
11]. Previous studies have shown that FRP debonding which is a premature failure mode has
detrimental effects on the EB FRP-strengthened RC structures [5, 12]. To investigate the
debonding mechanism, various testing methods, such as single/double-lap shear tests, have

been used [13, 14].

Numerous analytical models have been proposed to estimate the bond strength and shear stress
in the literature [15, 16]. The codes and design guides, such as ACI 440.2R [17], HB 305 [18],
fib Bulletin 14 [19], and CNR-DT200 [20], provide design procedures for practical engineering
applications. However, most of the available models were proposed based on the quasi-static
loading condition. Since the interfacial bond characteristics between FRP and concrete under
dynamic loadings were different from those under quasi-static loadings [21], some
experimental investigations have been carried out to unveil the interfacial bond behaviour

between FRP and concrete subjected to dynamic loadings. The experimental study by Shi et al.
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[22] reported that the interfacial bond was strain rate dependent and the interfacial fracture
energy and peak shear stress increased with strain rate. The peak strain rate in the tests by Shi
et al. [22] was around 0.1s™. Shen et al. [23] carried out experimental studies on the strain rate
effect on the bond performance with the strain rate up to 0.63 s™' and reported that the effective
bond length decreased with the increase of strain rate and the corresponding model for
predicting the effective bond length was established. Based on Shen et al.’s test results [23],
Antonio et al. [24] proposed a modified Duvant-Lions zero-thickness interface model to
simulate the strain rate effect on the interfacial bond. Huo et al. [25] found that the interface
was sensitive to strain rate through impact tests on CFRP-strengthened RC beams and the
corresponding strain rate was up to 4.90 s™!. Salimian et al. [26] conducted debonding tests to
exam the loading rate effect on the interfacial bond capacities between CFRP and concrete and
reported that specimens with lower concrete strength showed more sensitivity to loading rate.
To sum up, the strain rate in the literature on bond performance was up to 4.90 s™! and the
testing results are insufficient to reflect the strain rate effect for the blast and impact scenarios,

which have the corresponding strain rate up to hundreds per second.

In this study, single-lap shear tests at different loading speeds of 8.33E° m/s, 0.1 m/s, 1 m/s, 3
m/s, and 8 m/s were carried out to achieve strain rates ranging between 2.50E° s and 175.65
s”!. Experimental results including debonding failure modes, strain distributions, and bond-slip
relationship were compared and discussed. The effect of strain rate was evaluated by
comparing the results of dynamic tests and static tests. The dynamic bond-slip model was
established to estimate the bond strength for the FRP-concrete interface based on fracture

mechanics.
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2. Experimental program

2.1 Material properties

Concrete blocks with 150 x 150 x 300 mm in dimension were prepared for the tests. The
compressive strengths of three series of concrete (C20, C30 and C40) were respectively 22.40
MPa, 30.14 MPa, and 42.34 MPa and the corresponding splitting tensile strengths were 2.11
MPa, 3.12 MPa, and 4.13 MPa, respectively. The coarse aggregate size of 5-20 mm was used
in the test program. The FRP coupon tests on uni-directional basalt fibre (BFRP) sheets with
nominal thickness of 0.12 mm were conducted to obtain the rupture tensile strength, rupture

strain, and elastic modulus, which were 1333 MPa, 0.19%, 72 GPa, respectively.

2.2 Test setup

The test setup and experimental facilities are shown in Figure 1. The dynamic testing machine
(ISTRON® VHS 160-20) controlled by high speed servo hydraulic was used to conduct
dynamic single-lap shear tests. Constant speed in the range of 0.1 m/s to 25 m/s can be provided
by this machine. The fast jaw was accelerated to the expected loading speed and gripped the
specimen. The steel holding frame was properly designed rigid enough to hold a specimen to
avoid any possible movement during the test. A high-speed camera with intensive lights was
used to record the debonding process. The digital image correlation (DIC) technique was used
to obtain the surface slip and strain by analysing the recorded successive digital images. This
technique is able to provide a wide strain field of FRP sheets. To carry out the DIC analysis,
each specimen with a white base and randomly distributed black speckles were prepared. The

bonded region was selected as the region of interest (ROI), as shown in Figure 2.
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3. Validation of dynamic stress equilibrium

As a non-contact measurement method, the accuracy of the DIC technique was carefully
checked in the previous studies by the authors to obtain reliable test data [27-29]. In addition,
experimental results of dynamic debonding tests are valid only when stress equilibrium is
achieved. Therefore, the strain-time histories of the tested specimens are plotted to prove the
dynamic stress equilibrium, as shown in Figure 3. Six tracking points (Points 1 to 6) along the
centreline of FRP surface were selected to compare, as illustrated in Figure 2. Similar strain
profiles were observed at different time instants and the strain developed a similar plateau,
indicating uniform stress distribution. It is noted that the strain distributions of Point 1 and
Point 6 are different from others since Point 1 is placed at the boundary of the bonded and
unbonded region and Point 6 is located near the free end, which cannot develop the entire
debonding process. It should be noted that specimen C20-1-2 refers to the specimen with
compressive strength of 20 MPa subjected to the dynamic loading speed of 1 m/s and the last

digit refers to the specimen number, i.e., the second specimen in the group of three identical

specimens.
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Figure 3. Strain time histories

The strain rate can be derived from differentiation of strain time history. Figure 4 illustrates the
variation of the strain rate along the bonded length at different time instants. The peak strain
rate was selected as the measured strain rate for each specimen. For instance, the peak strain
rate for the specimen C40-8-1 was 161.18 s and the maximum strain rate for the specimen

C40-0.1-1 was 6.69 s’!. The strain rate of each specimen is summarized in Table 1.
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Figure 4. Strain rate distribution
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4. Test results and discussions

4.1 Debonding load and failure mode

Table 1 summarizes the test results of the debonding load and failure modes. The debonding
load in average increased with the rising strain rate irrespective of the concrete strength, as
shown in Figure 5. The specimens with the highest concrete strength (i.e. C40) showed the
greatest bond strength at all the loading speeds. Previous studies have also reported that the
debonding load enhanced with strain rate [30, 31]. When subjected to the dynamic loading rate
of 8 m/s, all the specimens experienced a minor difference in the debonding load. However,
the specimens with the lowest concrete strength (i.e. C20) showed the highest increment on
debonding load, which is shown in Figure 6. Compared to the quasi-static testing data, an
increment of 129.14% is obtained for the specimen C20-8 at the dynamic testing of 8 m/s.
Specimen C40-8 shows the lowest dynamic increment of 63.66% as compared to the specimens
with lower concrete strength at the same speed. This indicates that the strain rate effect on the
bond strength of the specimens is concrete strength dependent. The specimens with the
concrete strength of about 20 MPa are most strain rate sensitive. However, mixed observations
for specimens with concrete strength of about 30 MPa and 40 MPa were obtained, i.e., the
strain rate sensitivity of C30 specimens is not always higher than that of C40 specimens. The
possible reason is due to the different bond fracture mechanisms and detailed explanations are

given in section 4.2.
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147  The enhanced dynamic interfacial bond strength is attributed to the enhanced concrete tensile
148  strength with strain rate. Previous studies [32, 33] have demonstrated that both the compressive
149  and tensile strength of concrete enhanced with strain rate and the corresponding enhancement
150  of tensile strength varied from 10% to 170% when strain rate increased from 10 s to 100 s
151  As the single-lap shear test method was employed in this test program, the interface between
152  BFRP and concrete was subjected to shear stress through the adhesive layer or penetrated into
153  the concrete layer [26]. It is well-known that concrete is strong in compression but weak in
154  tension. Therefore, the fracture of concrete layer is normally governed by its tensile strength

155  for single-lap shear tests. Under relatively low loading rates (less than 1 m/s), failure occurred
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inside the concrete layer as a thin layer of concrete beneath the BFRP sheets was observed after
the final detachment, as shown in Figure 7. Therefore, the interfacial bond strength should be

mainly determined by the tensile strength of concrete.

Figure 7. Typical failure modes

Meanwhile, a combined failure mode (i.e. C and CA) was observed when the testing velocity
was over 3 m/s. The fracture interface shifted from concrete layer to the interface of concrete-
adhesive. This is because the dynamic increase factor (DIF) of concrete in tension increased
faster than the epoxy resin and there was not enough time for the cracks to develop in the
concrete under high loading rate. The fracture at the adhesive interface layer was also observed
in some cases when the speed was over 3 m/s. As the tensile strength of the adhesive is stronger
than other interfaces, fracture of the adhesive layer resulted in a greater debonding load.
Compared with high strength concrete specimens, specimen C20 was more sensitive to strain
rate due to the highest increment in bond strength and concrete damage after debonding. It is

reasonable since the literature has shown that lower concrete strength is more sensitive to strain

10



171 Table 1. Specimen details and test results

Specimen ID fe (MPa) fi (MPa) Loadin Strain rate (s) Py &u (%) m (MPa) S0 (mm) Gr(N'mm)  fia (MPa) Gipre. Tim,pre. Eupre. Pupre. Failure
g speed (kN) (N/mm) (MPa) (%) (kN) mode
(m/s)
C20-QS-1 22.40 2.11 8.33E-6 2.50E-5 5.94 0.859 1.97 0.098 0.63 2.11 0.73 3.05 0.912 6.39 C
C20-QS-2 22.40 2.11 8.33E-6 2.50E-5 5.34 0.917 1.56 0.111 0.51 2.11 0.73 3.05 0.912 6.39 C
C20-0.1-1 22.40 2.11 0.1 4.57 7.19 1.040 4.16 0.131 0.92 6.71 1.30 5.45 1.218 8.54 C
C20-0.1-2 22.40 2.11 0.1 391 7.56 1.094 3.92 0.118 1.02 6.50 1.28 5.36 1.209 8.47 C
C20-0.1-3 22.40 2.11 0.1 3.76 7.86 1.137 4.08 0.102 1.10 6.45 1.27 5.34 1.206 8.45 C
C20-1-1 22.40 2.11 1 33.38 8.75 1.196 5.23 0.111 1.37 9.34 1.53 6.43 1.323 9.27 C
C20-1-2 22.40 2.11 1 29.79 9.12 1.319 4.54 0.124 1.48 9.19 1.52 6.37 1.318 9.23 C
C20-1-3 22.40 2.11 1 30.26 8.48 1.227 4.98 0.097 1.28 9.21 1.52 6.38 1.318 9.24 C
C20-3-1 22.40 2.11 3 52.36 9.91 1.434 7.19 0.111 1.75 9.94 2.04 6.63 1.524 10.68 C
C20-3-2 22.40 2.11 3 49.85 9.78 1.415 6.79 0.109 1.71 9.87 2.03 6.61 1.522 10.66 C
C20-3-3 22.40 2.11 3 4523 10.19 1.474 7.41 0.101 1.85 9.74 2.02 6.56 1.517 10.63 C/CA
C20-8-1 22.40 2.11 8 147.37 12.84 1.858 10.12 0.112 2.94 11.30 2.17 7.07 1.574 11.03 C/CA
C20-8-2 22.40 2.11 8 151.74 12.79 1.850 9.31 0.104 2.92 11.34 2.17 7.08 1.575 11.04 C/CA
C20-8-3 22.40 2.11 8 124.60 13.14 1.901 9.47 0.103 3.08 11.08 2.15 7.00 1.566 10.98 C/CA
C30-Qs-1 30.14 3.12 8.33E-6 2.50E-5 7.85 1.105 292 0.113 0.96 3.12 0.89 3.71 1.006 7.05 C
C30-QS-2 30.14 3.12 8.33E-6 2.50E-5 7.21 1.057 3.34 0.128 0.93 3.12 0.89 3.71 1.006 7.05 C
C30-0.1-1 30.14 3.12 0.1 491 8.38 1.153 5.19 0.119 1.25 10.06 1.59 6.67 1.348 9.45 C
C30-0.1-2 30.14 3.12 0.1 4.31 7.94 1.118 4.89 0.121 1.12 9.81 1.57 6.58 1.339 9.39 C
C30-0.1-3 30.14 3.12 0.1 421 8.58 1.208 5.41 0.118 1.31 9.76 1.57 6.57 1.338 9.37 C
C30-1-1 30.14 3.12 1 25.90 9.27 1.263 6.69 0.119 1.53 13.31 1.83 7.67 1.446 10.13 C
C30-1-2 30.14 3.12 1 3331 9.46 1.332 6.83 0.117 1.60 13.81 1.86 7.81 1.459 10.22 C
C30-1-3 30.14 3.12 1 29.56 9.68 1.292 6.89 0.115 1.67 13.57 1.85 7.75 1.453 10.18 C
C30-3-1 30.14 3.12 3 65.12 10.11 1.423 8.32 0.101 1.82 15.12 2.51 8.17 1.693 11.86 C/CA
C30-3-2 30.14 3.12 3 57.01 11.09 1.387 7.85 0.121 2.19 14.86 2.49 8.10 1.686 11.81 C/CA
C30-3-3 30.14 3.12 3 60.75 10.21 1.437 8.19 0.103 1.86 14.98 2.50 8.14 1.689 11.84 C/CA
C30-8-1 30.14 3.12 8 155.55 14.07 1.981 10.21 0.111 3.53 16.82 2.65 8.62 1.739 12.18 C/CA
C30-8-2 30.14 3.12 8 175.65 13.47 1.896 9.82 0.106 3.24 17.06 2.67 8.68 1.745 12.23 C/CA
C30-8-3 30.14 3.12 8 150.76 12.87 1.812 9.39 0.102 2.95 16.76 2.64 8.61 1.737 12.17 C/CA
C40-Qs-1 42.34 4.13 8.33E-6 2.50E-5 8.23 1.389 5.21 0.145 1.03 4.13 1.02 4.27 1.079 7.56 C
C40-Qs-2 42.34 4.13 8.33E-6 2.50E-5 8.19 1.260 4.45 0.138 1.07 4.13 1.02 4.27 1.079 7.56 C
C40-0.1-1 42.34 4.13 0.1 6.69 9.55 1.552 6.28 0.129 1.46 13.58 1.85 7.75 1.453 10.18 C
C40-0.1-2 42.34 4.13 0.1 7.24 9.32 1.447 5.78 0.121 1.39 14.32 1.90 7.96 1.472 10.32 C
C40-0.1-3 42.34 4.13 0.1 4.03 9.72 1.491 6.54 0.124 1.52 12.81 1.80 7.52 1.432 10.03 C
C40-1-1 42.34 4.13 1 56.68 10.47 1.555 8.75 0.118 1.76 19.65 222 9.32 1.593 11.17 C
C40-1-2 42.34 4.13 1 33.45 10.26 1.709 9.05 0.117 1.69 18.29 2.15 8.99 1.565 10.97 C
C40-1-3 42.34 4.13 1 40.54 10.36 1.644 8.49 0.115 1.72 18.78 2.17 9.11 1.576 11.04 C/CA
C40-3-1 42.34 4.13 3 85.69 11.42 1.618 9.17 0.117 2.09 20.72 2.94 9.57 1.832 12.84 C/CA
C40-3-2 42.34 4.13 3 79.03 11.56 1.667 8.98 0.121 2.15 20.51 2.92 9.52 1.827 12.80 C/CA
C40-3-3 42.34 4.13 3 81.27 10.89 1.844 8.91 0.109 1.90 20.59 2.93 9.54 1.829 12.82 C/CA
C40-8-1 42.34 4.13 8 161.18 13.81 1.957 10.78 0.128 3.40 22.36 3.05 9.94 1.867 13.08 C/CA
C40-8-2 42.34 4.13 8 145.53 12.89 1.827 9.98 0.104 2.96 22.09 3.03 9.88 1.861 13.04 C/CA
C40-8-3 42.34 4.13 8 157.48 13.61 1.929 10.06 0.119 3.30 22.30 3.05 9.93 1.866 13.07 C/CA
172 Note: C refers to the debonding in the concrete layer, CA means the debonding in the concrete-adhesive layer, f;, is the dynamic tensile strength of concrete, Gypre. is the predicted interfacial fracture energy, Tmpre. is the predicted
173 interfacial peak shear stress, eupre. is the predicted ultimate debonding strain, Pupre. is the predicted debonding load.

11



174

175

176

177

178

179

180

181
182

183

184

185

186

187

188

rate [26]. As shown in Figure 8, specimen C20-8-3 experienced significant damage due to the
pull-out of coarse aggregates and fracture of mortar. The observed fracture propagated along
the aggregate-to-mortar interface. This is due to the weakest interfacial transition zone (ITZ)
caused by high ratio of aggregates and low ratio of cement used in the concrete mixture for
C20. For the specimens with higher concrete strength, the damage of concrete was marginal at
the dynamic testing of 8 m/s and only a flake of mortar fractured with the detachment of BFRP

sheets, which is evidenced in Figure 7.

Figure 8. Fracture surface of C20-8-3

4.2 Strain distribution

To quantify the dynamic interfacial bond-slip responses, the strain profiles along the centreline
of the BFRP sheets at different loading levels are plotted in Figure 9. It is found that the
debonding strain for all the tested specimens increased with strain rate irrespective of the
concrete strength. After reaching the initial debonding load Pu, the ultimate strain was almost

constant and maintained its “Z” shape when the debonding process propagated. To present the
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strain distributions at different time instants, four loading stages after the initial debonding load
P. were selected and contrasted. Different from the specimens with a low concrete strength,
specimen C40 showed the highest ultimate debonding strain when the testing speed was less
than 3 m/s. This is because higher concrete strength resulted in stronger interface and larger
deformation of BFRP sheets to resist higher interfacial bond strength. However, when the
testing velocity was over 3 m/s, the debonding strain showed insignificant difference for
specimens with different strengths. This is because the debonding strain was governed by the
response of the interface rather than concrete. Therefore, the concrete strength did not
considerably affect the debonding strain. Instead, the epoxy strength governed the fracture
process and thus the debonding strain. All the specimens in this study used the same epoxy

resin so that similar debonding strain was expected if the failure occurred at the interface.
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Figure 9. Typical strain profile

4.3 Experimental bond-slip curves

The typical shear stress and slip curves are plotted in Figure 10. To obtain accurate and reliable
results, five different loading stages within the plateau region of the load-slip curves after the
initial debonding stage were selected to obtain the shear stress and slip curves, i.e., 60 mm, 90
mm, 120 mm, 150 mm and 180 mm, which refers to the available stress transfer length along
the BFRP sheets. The obtained shear stress and the corresponding shear slip are the average
values of five loading stages. All the tested specimens showed similar bond-slip profile with
an ascending branch and a descending branch. The shear stress increased firstly with the
applied load. After reaching the peak shear stress, the degradation of shear stress initiated until
the final detachment. A relatively small shear slip developed in the ascending branch, which
was caused by the elastic linear stage of the BFRP-to-concrete interface [34, 35]. A larger shear
slip was observed for the descending branch, which was resulted from the interfacial softening
stage [36]. The shear stress () and shear slip (s) can be derived by using the equations as

follows:
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(1)

2)

in which Efis the elastic modulus of BFRP sheets, 1 is the thickness of a BFRP sheet, ¢ is the

BFRP strain, 7(x) is the shear stress along the bonded area, and s(x) is the shear slip along the

bonded area.
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Figure 10. Typical shear stress and slip curves

It is observed that the peak shear stress increased significantly with strain rate, as shown in
Figure 11. For the specimens with a lower concrete strength, specimen C20-QS showed the
lowest interfacial shear stress, which was 1.77 MPa and the corresponding shear slip was 0.105
mm. The peak shear stress for specimen C30-QS and C40-QS was 3.13 MPa and 4.83 MPa
and the corresponding slip was 0.121 mm and 0.142 mm, respectively, indicating that shear
slip increased with the concrete strength. These observations are consistent with those reported
in previous studies that the shear slip was proportional to the concrete strength [35, 37]. The
testing results show that the shear slip decreased with strain rate. The measured shear slips for
specimens C20-8, C30-8, and C40-8 at the dynamic testing of 8 m/s were 0.106 mm, 0.106
mm, and 0.117 mm, respectively. Additionally, specimen C20 showed the highest increment
in the peak shear stress, which increased by up to 453.35% at the dynamic testing of 8 m/s.
However, specimen C40 only increased by up to 112.01% at the same testing speed. This
indicates that the specimens with lower concrete strength showed greater strain rate sensitivity
in interfacial shear stress while specimens with higher concrete strength exhibited less strain
rate sensitivity and greater shear resistance. It is worth noting that the interfacial peak shear

stress of specimens with different concrete strengths exhibited large variations but this
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variation became small at a high loading rate, i.e. 8 m/s. The reason for this phenomenon was

due to the failure shifting from concrete-dominant to interface-dominant.
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Figure 11. Comparison of interfacial shear stress

The enclosed area of the bond-slip curve represents the fracture energy Gy. It is observed that
the interfacial fracture energy increased significantly with strain rate, especially for the
specimens with a low concrete strength. Figure 12 (a) plots the average result of each testing
group. The interfacial fracture energy of specimen C20-QS was the lowest at 0.67 N/mm while
the value for the specimen C40-QS was 1.59 N/mm, indicating that the specimens with higher
concrete strength released greater energy during the debonding process. As the specimen with
the lowest concrete strength was more sensitive to strain rate, the interfacial fracture energy
exhibited a higher increment. The interfacial fracture energy of specimen C20-8 raised by
423.63% when the loading speed was increased to 8§ m/s. However, specimen C40-8 showed
the lowest increment in fracture energy which was 206.96% at the highest loading speed, as
shown in Figure 12 (b). Additionally, specimens C30 and C40 exhibited a similar fracture
energy under 8 m/s, indicating that the effect of strain rate on fracture energy was more
significant than that of concrete strength when the loading speed was over 3 m/s. This is

because the shifted debonding failure from concrete to the concrete-epoxy interface at a
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264  relatively high strain rate due to the fact that the dynamic increase factor (DIF) of concrete in
265  tension increased faster than the epoxy resin and there was insufficient time for the cracks to

266  develop in concrete under high loading rate.
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271 Figure 12. Test results of interfacial fracture energy
272 5. Analytical study of dynamic interfacial bond performance

273 Based on the shear stress-slip curves of the tested specimens under different loading speeds, an
274  approximate triangle shape can be observed, as shown in Figure 10. For simplicity, a simplified

275  bond-slip model is used to model the bond-slip relationship, as shown in Figure 13 (R). The
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simplified bond-slip law coincides with the experimental shear stress and slip curve. The
difference from the previous bond-slip law is that the linear ascending stage is separated by a
turning point, which represents the change of the slope of the bond-slip response and this stage

is referred as the hardening stage (i.e. stage II) in the previous studies [38, 39].
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Figure 13. (L) Bond-slip curve of C40-8-1; (R) Simplified bond-slip law with hardening

The simplified bond-slip law includes three stages (I, II, and III) including: (I) linear-elastic
stage when the shear slip increases to ss; (II) linear hardening stage when the shear slip
increased from s; to s2 [38, 39]; and (III) softening stage where the shear stress degrades
exponentially with the increased shear slip, as shown in Figure 13. The mathematical

expressions for the simplified bond-slip model can be expressed as follows [38, 39]:

S s<S,
T, —
S

T,-T 7.8 7,5
T(S): 2 "1 5+ 102 2°1 S1<SSS2 (3)
Sy =8 S, =8 S, 75

S, <Ss<s,

T e*“’(*sz )

m

in which 7 is the interfacial shear stress, s is the shear slip, and @ is the factor determining the

shape of the softening stage.
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292 The bond-slip law is determined by some key parameters, i.e., 7/, 2, Tm, Si, S2, Su, and @.
293  Meanwhile, the interfacial fracture energy Gris the enclosed area of the bond-slip curve related

294  to these parameters, which can be expressed by the following equation:
295 G, = IO 7ds = IO 7ds + Ll rds + Lu rds 4)

296 By integrating the shear stress and slip, Gy can be estimated as follows:

1 1
297 G, =5 +5(2'l +7,)(s, —s1)+T—CZ”) (5)

298  in which, the coefficient @ can be expressed by:

299 O="7 ITm (6)
G, - 7.8, _§<TI +12)(s2 —sl)

300 For the linear stage I in the strain-slip curve, strain e; can be expressed as follows:

301 &(s)==s (7)
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de ds

ds
By considering €=£ and 7(x)=E,t = the function of the bond-slip in stage I can be

f fg

expressed as follows [36]:

7(s)= L, (ij S 3

S

By substituting s=s,, the shear stress 7; in stage I can be calculated by:

2
_ gl
n=E, o )
1

The function of the bond-slip in stage II can be described by the following equation:

7,-T, Y 7,5
T(S): 27h oo, BS  BS (10)
Sy =8 Sy =8 575

For the linear stage II in the strain-slip curve, the relationship between z;, 72, €1, and &2 can be

obtained by the previous studies [38, 39]:
s, =0.5s, (11)
7, =0.77, (12)

Therefore, the coefficient @ can be written as:

o= (13)
G, —0.55z,s,

The elastic-hardening stage II and the nonlinear softening stage III in the strain-slip curve can

be expressed by an exponential function to describe the relationship between strain and slip:

8(s): g, (1—6_“”) (14)
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Et,

in which s, [40]. (15)

All the parameters are determined by the interfacial fracture energy Gy. Therefore, an accurate

analytical interfacial fracture energy prediction model is necessary.

5.1 Dynamic interfacial fracture energy

As fracture of concrete was observed varying with loading speeds, and the increased fracture
energy is attributed to the increased concrete tensile strength. It has been demonstrated in the
previous studies that the interfacial fracture energy is correlated well with the width ratio Sw
and tensile strength of concrete f; [41, 42]. The testing results over 3 m/s showed different
failure modes as compared to the results under the loading speed of 3 m/s. Therefore, Equations
(16) and (17) were proposed to obtain the dynamic interfacial fracture energy under different
strain rates (56.68 s’ corresponds to 1 m/s). To expand the scope of application of the proposed
models, a total of 35 dynamic testing results of FRP-to-concrete joints were collected from the

previous studies [23, 25]. As the fracture of the adhesive layer was observed in some cases
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331 when the loading speed was over 3 m/s, the strain energy of the adhesive layer (i.e. fo*/2E4)
332  should be also incorporated into the proposed model.
£
2 5o - _
333 G ,=ap, (2}5 j JIDIF- f, . when 2.5x107s7 <&, <56.685”" (16)
a
£
2 a _ . _
33 G =5, (Ej JIDIF f, . when 56.68s™' <&, <175.655" (17)
335 (18)
336  in which as, a2 and a; are the coefficients to be obtained by the data collection, fa is the tensile
337  strength of adhesive, Eq refers to the elastic modulus of adhesive, b represents the width of
338  concrete substrate, and by refers to the width of BFRP sheet. The dynamic increase factor for
339  concrete in tension (TDIF) [43] is adopted in the following equations:
Soal 1oy :O.26log(5')+2.06 &, <ls”
340 TDIF=< f /[ =2log(&)+2.06 when 157 <&, <25 (19)
Soal fos =1.44310g(é)+2.223 257 <5 <1505
341  where fiq is the dynamic tensile strength, fis is the static tensile strength, and ¢ is the strain
342  rate.
343  Table 2. Summary of data collection
Reference Specimen ID Adhesive FRP Strain ft Puexp Tm Gy (N/mm)
I E. fnE, E 7 by rate (s') (MPa (kN) (MPa
(MPa) (GPa) (N/'mm? (GPa) (mm) (mm) ) )

Shen et al. [23] L200-DO0-1 45.8 2.6 0.403 105 0.242 50 0.61E-3 2.62 1140 295 1.02
L200-D0-2 45.8 2.6 0.403 105 0.242 50 0.61E-3 2.62 10.80  3.59 0.92
L200-D0-3 45.8 2.6 0.403 105 0.242 50 0.61E-3 2.62  13.60 - 1.45
L200-D1-1 45.8 2.6 0.403 105 0.242 50 0.61E-2 3.89 1500 4.64 1.39
L200-D1-2 45.8 2.6 0.403 105 0.242 50 0.61E-2 3.89 1330 5.00 1.23
L200-D1-3 45.8 2.6 0.403 105 0.242 50 0.61E-2 3.89 1250 3.89 1.02
L200-D2-1 45.8 2.6 0.403 105 0.242 50 0.047 449 1550 3.68 0.92
L200-D2-2 45.8 2.6 0.403 105 0.242 50 0.047 449 1450 537 1.46
L200-D2-3 45.8 2.6 0.403 105 0.242 50 0.047 449 13.10 5.39 1.77
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Huo et al. [25]

L200-D3-1 45.8 2.6 0.403 105 0.242 50 0.63 526 1620 595
L200-D3-2 45.8 2.6 0.403 105 0.242 50 0.63 526 1570 5.82
L200-D3-3 45.8 2.6 0.403 105 0.242 50 0.63 526 1560 549
C50-1-S-1 65.0 32 0.660 236 0.169 50 1E-5 2.85 13.60 4.05
C50-1-S-2 65.0 3.2 0.660 236 0.169 50 1E-5 2.85 11.50 3.50
C50-2-S-1 65.0 3.2 0.660 236 0.338 50 1E-5 2.85 18.00 3.28
C50-2-S-2 65.0 3.2 0.660 236 0.338 50 1E-5 2.85 1420 425
C80-2-S-1 65.0 3.2 0.660 236 0.338 80 1E-5 285 17.50 4.74
C80-2-S-2 65.0 3.2 0.660 236 0.338 80 1E-5 2.85 18.40 347
C50-1-D200-1 65.0 3.2 0.660 236 0.169 50 3.12 838 15.10 5.40
C50-1-D200-2 65.0 32 0.660 236 0.169 50 2.67 810 17.80 6.93
C50-1-D200-3 65.0 32 0.660 236 0.169 50 4.56 9.06 1690 6.02
C50-1-D400-1 65.0 32 0.660 236 0.169 50 4.10 887 2440 6.39
C50-1-D400-2 65.0 32 0.660 236 0.169 50 4.90 9.19 18.00 547
C50-1-D400-3 65.0 32 0.660 236 0.169 50 4.70 9.11 1680 645
C50-2-D200-1 65.0 32 0.660 236 0.169 50 2.09 7.66 20.00 5.58
C50-2-D200-2 65.0 32 0.660 236 0.169 50 2.05 7.63 2130 733
C50-2-D200-3 65.0 32 0.660 236 0.169 50 2.62 8.07 2720 522
C50-2-D400-1 65.0 3.2 0.660 236 0.338 50 2.63 8.07 2460 549
C50-2-D400-2 65.0 3.2 0.660 236 0.338 50 3.13 839 33.10 6.21
C50-2-D400-3 65.0 3.2 0.660 236 0.338 50 2.02 7.60 29.00 547
C50-2-D600-2 65.0 32 0.660 236 0.338 50 3.59 8.63 2490 6.56
C50-2-D600-2 65.0 32 0.660 236 0.338 50 3.65 8.66 2440 6.20
C80-2-D400-1 65.0 32 0.660 236 0.338 80 2.55 8.02 2720 6.48
C80-2-D400-1 65.0 32 0.660 236 0.338 80 2.92 826 2790 8.13
C80-2-D400-1 65.0 3.2 0.660 236 0.338 80 2.10 7.67 21.10 5.68
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Note: f,=0.53,/f. (MPa) [44].

Figure 15 shows the relationship between the interfacial fracture energy (Gy) in Z direction and
concrete dynamic tensile strength (f,4) in Y direction, adhesive strain energy (fi?/2E.) in X
direction. After regression analyses, the best-fit coefficients of as, a2 and a3 are given as 0.53,
0.24 and 0.57 in Equations (20) and (21), respectively. The width fw can be obtained by

Equation (18). Therefore, the expression of the dynamic Grcan be expressed as follows:

0.24

2
G4 =0.538,” % Jia when 2.5x107°s7" <&, <56.685™ (20)
fz 0.24
G, ,=05782 == |/fi, when 56.685" <&, <175.655"" 21
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a
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Figure 15. Best-fit coefficients for the interfacial fracture energy

Figure 16 illustrates the contrast between the predicted and experimental fracture energy. It can
be seen that the analytical predictions are consistent with the experimental data. The mean ratio
between the predicted and experimental results is 1.13 and the corresponding coefficient of

variation (COV) is 0.19.
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Figure 16. Experimental interfacial fracture energy vs predicted results
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5.2 Dynamic ultimate debonding strain

Previous studies [40, 45-47] have proposed some ultimate debonding strain models for
structural design purpose based on quasi-static tests, which is used to simulate the FRP
debonding caused by the intermediate crack (IC). However, a dynamic debonding strain model
has not been proposed yet in the literature. Therefore, an empirical dynamic debonding strain
model by incorporating strain rate is proposed herein. A model proposed by Maruyama and
Ueda [40] is adopted here to predict the dynamic debonding strain due to this model

incorporating both the FRP stiffness interfacial fracture energy and, which can be expressed as

follows:
e 22)
! Et

in which ey s the ultimate debonding strain, Gris the interfacial fracture energy, and Esris FRP
stiffness. By substituting the dynamic fracture energy Gya given in Equations (20) and (21) into
Equation (22), the dynamic debonding strain 4.« can be obtained and the comparison between
the predicted and testing data is plotted in Figure 17. It is clear that the predicted results show
good agreement with the testing data due to the mean value of 1.02 and the coefficient of

variation (COV) of 0.11.
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Figure 17. Experimental debonding strain vs predicted results

5.3 Dynamic bond stress and slip

As the fracture of adhesive layer was observed in some cases when the testing velocity was
over 3 m/s, the tensile strength of adhesive (fz) should be one of the factors determining
dynamic shear stress of the BFRP-concrete interface. Previous studies [34] have demonstrated
that the concrete tensile strength (f) width ratio (fw) and are the key factors in determining the
peak shear stress. To expand the scope of application of the proposed dynamic peak shear stress
model, the previous test data listed in Table 2 are also selected to conduct the regression
analyses. Therefore, three parameters including fa, fw, and fr are incorporated into the following

equation to obtain the dynamic peak shear stress zm,q4:

T/n,d ZCZ4(.](‘11)0(5 ﬂ)v\[TD[F.f;,s (23)

in which zm 4 is the dynamic peak shear stress, TDIF'is the dynamic increases factor for concrete
in tension which can be obtained from Equation (19), and f; s refers to the static concrete tensile
strength. After regression analyses, the best-fit coefficients of as and as are 0.23 and 0.53,

respectively. Figure 18 shows the relationship between the peak shear stress in Z direction with
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392  the concrete tensile strength in Y direction and the adhesive strain energy in X direction.

393  Therefore, the dynamic peak shear stress can be expressed by the following equation:

394 ¢ ,=023(f,)" B,JTDIF - f,, (24)

R’=0.7341

47'\' Z-Interfacial peak shear stress (MPa)

Q
éa%
=

35
4

; 5 4:{-Concrete tensile strength (MPa)

395

396 Figure 18. Best-fit coefficients for the peak shear stress
397  Figure 19 illustrates the comparison between the predicted and experimental results. It is found
398 that the analytical predictions are consistent with the testing results. The mean ratio between

399 the analytical predictions and the testing data is 1.11, and the corresponding coefficient of

400  variation (COV) is 0.22.
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Figure 19. Experimental peak shear stress (z) vs predicted results

According to the testing data, the peak shear slip s> at the peak shear stress z» decreases with
strain rate. However, the adopted peak shear slip s2 in this study is set as a constant of 0.115
mm which is the average of all the tested specimens (i.e., C20, C30 and C40) due to the

scattered data, as shown in Figure 20.
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Figure 20. Shear slip s2 vs strain rate
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5.4 Validation of dynamic bond-slip model

Figure 21 illustrates the comparison between the predicted and experimental strain-slip and
bond-slip curves. To demonstrate the reliability of the proposed model, at least four points
along the bonded region were selected to track the strain and slip distributions. The distance of
60 mm, 90 mm, 120 mm, 150 mm, and 180 mm shown in the legend refers to the range of
strain distribution at five loading stages after the initial debonding stage. The comparison

shows that the proposed bond-slip model is in good agreement with the experimental data.
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Figure 21. Analytical and experimental strain-slip curves and bond-slip curves

Numerous studies stated that some parameters (i.e. debonding load, shear stress or strain
distribution) related to bond behaviour can be estimated by the proposed bond-slip models [34,
48, 49]. Among these parameters, the debonding load and the strain distributions can be directly
measured in the test program. Therefore, the validation of the analytical bond-slip model can
be carried out via the debonding load and strain distribution. A widely accepted formula for

calculating the debonding load can be expressed as follows [15, 37, 50, 51]:

P =b,2E,1,G, (25)

By substituting the dynamic interfacial fracture energy Gz into Equation (25), the dynamic
debonding load can be obtained accordingly. Figure 22 shows the contrast between the

predicted and experimental results. It is observed that the predicted debonding load matches
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well with the testing data. The mean ratio of the predicted and test results is 1.04 and the

corresponding coefficient of variation (COV) is 0.10.
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Figure 22. Experimental debonding load (P.) vs predicted results

6. Conclusions

This study experimentally investigates the effect of concrete strength on the dynamic interfacial
bond performance between BFRP and concrete at various strain rates (from 2.50E-5 to 175.65
s'1) through the single-lap shear tests. The following conclusions can be drawn from the test

results:

(1) The quasi-static results show that the shear resistance increased with the concrete strength.
The interfacial shear resistance increases with the loading rate, and the loading or strain
rate sensitivity is concrete strength dependent, specimens made of low-strength concrete is
more sensitive to strain rate than those made of higher-strength concrete.

(2) A mixed failure mode was observed in the dynamic tests. The interfacial fracture occurred
mainly in concrete layer when loading rate is less than 3 m/s, but occurred in concrete-
adhesive interface when loading rate is higher than 3 m/s. When failure occurred in the
interface the concrete strength has insignificant effect on the interlayer bonding

performance.
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(3) Increased strain rate caused the enhancement on the dynamic bond strength. The specimen
with the lowest concrete strength experienced the highest strain rate sensitivity with the
largest increment ratio of the debonding load. Enhancement up to 129.14% was observed
for the specimens with the concrete strength of about 20 MPa while the increment ratio of
63.66% was observed for the ones with the concrete strength of about 40 MPa.

(4) The interfacial fracture energy showed a remarkable increment with the strain rate,
especially for the specimens with low concrete strength. Increment ratios of up to 423.63%,
243.42, and 206.96% were observed for specimens made of C20, C30, and C40 concrete,
respectively.

(5) The proposed bond-slip model by incorporating the dynamic increase factor of concrete in

tension (TDIF) yield good predictions as compared with the testing data.
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