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Abstract 9 

This study experimentally investigates the effect of concrete strength on the dynamic interfacial 10 

bond behaviour between basalt fibre reinforced polymer (BFRP) sheets and concrete under 11 

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 12 

single-lap shear tests. Three concrete strengths (i.e. C20, C30, and C40) were considered to 13 

examine the influence of concrete strength and strain rate on the interfacial bond-slip responses 14 

under dynamic loadings. The test results including the strain distributions, interfacial fracture 15 

energy, and bond-slip response were evaluated and discussed. The test results showed that the 16 

BFRP-concrete interface exhibited sensitivity to strain rate and the bond strength and 17 

interfacial shear stress increased with strain rate. Compared with high strength concrete, low 18 

strength concrete showed higher strain rate sensitivity, which is induced by the different 19 

interfacial fracture mechanisms under different strain rates. Empirical bond-slip model 20 

incorporating the effects of concrete strength and strain rate was proposed based on fracture 21 

mechanics. 22 
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1. Introduction 24 

Reinforced concrete (RC) structures may experience extreme loading conditions, such as 25 

seismic, impact, and blast loadings, during their service life [1]. Numerous studies stated that 26 

existing RC structures need to be strengthened to resist these extreme loads [2]. Concrete 27 

exhibits sensitivity to high loading rates. It is a strain rate dependent material with respect to 28 

the compressive and tensile strengths and Young’s modulus. The cause of strain rate in concrete 29 

is induced by the viscoelastic behaviour and time-dependent micro crack growth of the cement 30 

paste [3].  31 

Fibre-reinforced polymer (FRP) sheet is widely utilized as strengthening as well as 32 

rehabilitating material due to its high strength to weight ratio, great corrosion resistance and 33 

ease of application [4, 5]. Externally bonded (EB) FRP composite is a very common method 34 

for strengthening RC structures [6, 7]. Numerous investigations have been carried out on the 35 

load-carrying capacity of EB FRP-strengthened RC elements, such as RC beams and slabs [8-36 

11]. Previous studies have shown that FRP debonding which is a premature failure mode has 37 

detrimental effects on the EB FRP-strengthened RC structures [5, 12]. To investigate the 38 

debonding mechanism, various testing methods, such as single/double-lap shear tests, have 39 

been used [13, 14].  40 

Numerous analytical models have been proposed to estimate the bond strength and shear stress 41 

in the literature [15, 16]. The codes and design guides, such as ACI 440.2R [17], HB 305 [18], 42 

fib Bulletin 14 [19], and CNR-DT200 [20], provide design procedures for practical engineering 43 

applications. However, most of the available models were proposed based on the quasi-static 44 

loading condition. Since the interfacial bond characteristics between FRP and concrete under 45 

dynamic loadings were different from those under quasi-static loadings [21], some 46 

experimental investigations have been carried out to unveil the interfacial bond behaviour 47 

between FRP and concrete subjected to dynamic loadings. The experimental study by Shi et al. 48 



3 
 

[22] reported that the interfacial bond was strain rate dependent and the interfacial fracture 49 

energy and peak shear stress increased with strain rate. The peak strain rate in the tests by Shi 50 

et al. [22] was around 0.1s-1. Shen et al. [23] carried out experimental studies on the strain rate 51 

effect on the bond performance with the strain rate up to 0.63 s-1 and reported that the effective 52 

bond length decreased with the increase of strain rate and the corresponding model for 53 

predicting the effective bond length was established. Based on Shen et al.’s test results [23], 54 

Antonio et al. [24] proposed a modified Duvant-Lions zero-thickness interface model to 55 

simulate the strain rate effect on the interfacial bond. Huo et al. [25] found that the interface 56 

was sensitive to strain rate through impact tests on CFRP-strengthened RC beams and the 57 

corresponding strain rate was up to 4.90 s-1. Salimian et al. [26] conducted debonding tests to 58 

exam the loading rate effect on the interfacial bond capacities between CFRP and concrete and 59 

reported that specimens with lower concrete strength showed more sensitivity to loading rate. 60 

To sum up, the strain rate in the literature on bond performance was up to 4.90 s-1 and the 61 

testing results are insufficient to reflect the strain rate effect for the blast and impact scenarios, 62 

which have the corresponding strain rate up to hundreds per second.  63 

In this study, single-lap shear tests at different loading speeds of 8.33E-6 m/s, 0.1 m/s, 1 m/s, 3 64 

m/s, and 8 m/s were carried out to achieve strain rates ranging between 2.50E-5 s-1 and 175.65 65 

s-1. Experimental results including debonding failure modes, strain distributions, and bond-slip 66 

relationship were compared and discussed. The effect of strain rate was evaluated by 67 

comparing the results of dynamic tests and static tests. The dynamic bond-slip model was 68 

established to estimate the bond strength for the FRP-concrete interface based on fracture 69 

mechanics.  70 
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2. Experimental program 71 

2.1 Material properties 72 

Concrete blocks with 150 x 150 x 300 mm in dimension were prepared for the tests. The 73 

compressive strengths of three series of concrete (C20, C30 and C40) were respectively 22.40 74 

MPa, 30.14 MPa, and 42.34 MPa and the corresponding splitting tensile strengths were 2.11 75 

MPa, 3.12 MPa, and 4.13 MPa, respectively. The coarse aggregate size of 5-20 mm was used 76 

in the test program. The FRP coupon tests on uni-directional basalt fibre (BFRP) sheets with 77 

nominal thickness of 0.12 mm were conducted to obtain the rupture tensile strength, rupture 78 

strain, and elastic modulus, which were 1333 MPa, 0.19%, 72 GPa, respectively.  79 

2.2 Test setup 80 

The test setup and experimental facilities are shown in Figure 1. The dynamic testing machine 81 

(ISTRON® VHS 160-20) controlled by high speed servo hydraulic was used to conduct 82 

dynamic single-lap shear tests. Constant speed in the range of 0.1 m/s to 25 m/s can be provided 83 

by this machine. The fast jaw was accelerated to the expected loading speed and gripped the 84 

specimen. The steel holding frame was properly designed rigid enough to hold a specimen to 85 

avoid any possible movement during the test. A high-speed camera with intensive lights was 86 

used to record the debonding process. The digital image correlation (DIC) technique was used 87 

to obtain the surface slip and strain by analysing the recorded successive digital images. This 88 

technique is able to provide a wide strain field of FRP sheets. To carry out the DIC analysis, 89 

each specimen with a white base and randomly distributed black speckles were prepared. The 90 

bonded region was selected as the region of interest (ROI), as shown in Figure 2.  91 
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 92 

Figure 1. Experimental facilities 93 

 94 

Figure 2. Specimen detail 95 
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3. Validation of dynamic stress equilibrium 96 

As a non-contact measurement method, the accuracy of the DIC technique was carefully 97 

checked in the previous studies by the authors to obtain reliable test data [27-29]. In addition, 98 

experimental results of dynamic debonding tests are valid only when stress equilibrium is 99 

achieved. Therefore, the strain-time histories of the tested specimens are plotted to prove the 100 

dynamic stress equilibrium, as shown in Figure 3. Six tracking points (Points 1 to 6) along the 101 

centreline of FRP surface were selected to compare, as illustrated in Figure 2. Similar strain 102 

profiles were observed at different time instants and the strain developed a similar plateau, 103 

indicating uniform stress distribution. It is noted that the strain distributions of Point 1 and 104 

Point 6 are different from others since Point 1 is placed at the boundary of the bonded and 105 

unbonded region and Point 6 is located near the free end, which cannot develop the entire 106 

debonding process. It should be noted that specimen C20-1-2 refers to the specimen with 107 

compressive strength of 20 MPa subjected to the dynamic loading speed of 1 m/s and the last 108 

digit refers to the specimen number, i.e., the second specimen in the group of three identical 109 

specimens. 110 
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(c) C40-1-1                                                   (d) C40-8-1 114 

Figure 3. Strain time histories 115 

The strain rate can be derived from differentiation of strain time history. Figure 4 illustrates the 116 

variation of the strain rate along the bonded length at different time instants. The peak strain 117 

rate was selected as the measured strain rate for each specimen. For instance, the peak strain 118 

rate for the specimen C40-8-1 was 161.18 s-1 and the maximum strain rate for the specimen 119 

C40-0.1-1 was 6.69 s-1. The strain rate of each specimen is summarized in Table 1. 120 
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(a) C40-0.1-1                                                     (b) C40-8-1 122 

Figure 4. Strain rate distribution 123 
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4. Test results and discussions 124 

4.1 Debonding load and failure mode 125 

Table 1 summarizes the test results of the debonding load and failure modes. The debonding 126 

load in average increased with the rising strain rate irrespective of the concrete strength, as 127 

shown in Figure 5. The specimens with the highest concrete strength (i.e. C40) showed the 128 

greatest bond strength at all the loading speeds. Previous studies have also reported that the 129 

debonding load enhanced with strain rate [30, 31]. When subjected to the dynamic loading rate 130 

of 8 m/s, all the specimens experienced a minor difference in the debonding load. However, 131 

the specimens with the lowest concrete strength (i.e. C20) showed the highest increment on 132 

debonding load, which is shown in Figure 6. Compared to the quasi-static testing data, an 133 

increment of 129.14% is obtained for the specimen C20-8 at the dynamic testing of 8 m/s. 134 

Specimen C40-8 shows the lowest dynamic increment of 63.66% as compared to the specimens 135 

with lower concrete strength at the same speed. This indicates that the strain rate effect on the 136 

bond strength of the specimens is concrete strength dependent. The specimens with the 137 

concrete strength of about 20 MPa are most strain rate sensitive. However, mixed observations 138 

for specimens with concrete strength of about 30 MPa and 40 MPa were obtained, i.e., the 139 

strain rate sensitivity of C30 specimens is not always higher than that of C40 specimens. The 140 

possible reason is due to the different bond fracture mechanisms and detailed explanations are 141 

given in section 4.2. 142 



9 
 

 143 

Figure 5. Debonding load of specimens 144 

 145 

Figure 6. Increment ratio of debonding load  146 

The enhanced dynamic interfacial bond strength is attributed to the enhanced concrete tensile 147 

strength with strain rate. Previous studies [32, 33] have demonstrated that both the compressive 148 

and tensile strength of concrete enhanced with strain rate and the corresponding enhancement 149 

of tensile strength varied from 10% to 170% when strain rate increased from 10 s-1 to 100 s-1. 150 

As the single-lap shear test method was employed in this test program, the interface between 151 

BFRP and concrete was subjected to shear stress through the adhesive layer or penetrated into 152 

the concrete layer [26]. It is well-known that concrete is strong in compression but weak in 153 

tension. Therefore, the fracture of concrete layer is normally governed by its tensile strength 154 

for single-lap shear tests. Under relatively low loading rates (less than 1 m/s), failure occurred 155 
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inside the concrete layer as a thin layer of concrete beneath the BFRP sheets was observed after 156 

the final detachment, as shown in Figure 7. Therefore, the interfacial bond strength should be 157 

mainly determined by the tensile strength of concrete. 158 

   159 

Figure 7. Typical failure modes 160 

Meanwhile, a combined failure mode (i.e. C and CA) was observed when the testing velocity 161 

was over 3 m/s. The fracture interface shifted from concrete layer to the interface of concrete-162 

adhesive. This is because the dynamic increase factor (DIF) of concrete in tension increased 163 

faster than the epoxy resin and there was not enough time for the cracks to develop in the 164 

concrete under high loading rate. The fracture at the adhesive interface layer was also observed 165 

in some cases when the speed was over 3 m/s. As the tensile strength of the adhesive is stronger 166 

than other interfaces, fracture of the adhesive layer resulted in a greater debonding load. 167 

Compared with high strength concrete specimens, specimen C20 was more sensitive to strain 168 

rate due to the highest increment in bond strength and concrete damage after debonding. It is 169 

reasonable since the literature has shown that lower concrete strength is more sensitive to strain 170 
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Table 1. Specimen details and test results 171 

Specimen ID fc (MPa) ft (MPa) Loadin
g speed 
(m/s) 

Strain rate (s-1) Pu 
(kN) 

ɛu (%) τm (MPa) so (mm) Gf (N/mm) ft,d (MPa) Gf,pre. 
(N/mm) 

τm,pre. 
(MPa) 

ɛu,pre. 
(%) 

Pu,pre. 
(kN) 

Failure 
mode 

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 3.91 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 45.23 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 2.92 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 4.91 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 4.21 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 33.31 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 2.22 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 

Note: C refers to the debonding in the concrete layer, CA means the debonding in the concrete-adhesive layer, ft,d is the dynamic tensile strength of concrete, Gf,pre. is the predicted interfacial fracture energy, τm,pre. is the predicted 172 

interfacial peak shear stress, ɛu,pre. is the predicted ultimate debonding strain, Pu,pre. is the predicted debonding load.173 
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rate [26]. As shown in Figure 8, specimen C20-8-3 experienced significant damage due to the 174 

pull-out of coarse aggregates and fracture of mortar. The observed fracture propagated along 175 

the aggregate-to-mortar interface. This is due to the weakest interfacial transition zone (ITZ) 176 

caused by high ratio of aggregates and low ratio of cement used in the concrete mixture for 177 

C20. For the specimens with higher concrete strength, the damage of concrete was marginal at 178 

the dynamic testing of 8 m/s and only a flake of mortar fractured with the detachment of BFRP 179 

sheets, which is evidenced in Figure 7.  180 

 181 

Figure 8. Fracture surface of C20-8-3 182 

4.2 Strain distribution 183 

To quantify the dynamic interfacial bond-slip responses, the strain profiles along the centreline 184 

of the BFRP sheets at different loading levels are plotted in Figure 9. It is found that the 185 

debonding strain for all the tested specimens increased with strain rate irrespective of the 186 

concrete strength. After reaching the initial debonding load Pu, the ultimate strain was almost 187 

constant and maintained its “Z” shape when the debonding process propagated. To present the 188 
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strain distributions at different time instants, four loading stages after the initial debonding load 189 

Pu were selected and contrasted. Different from the specimens with a low concrete strength, 190 

specimen C40 showed the highest ultimate debonding strain when the testing speed was less 191 

than 3 m/s. This is because higher concrete strength resulted in stronger interface and larger 192 

deformation of BFRP sheets to resist higher interfacial bond strength. However, when the 193 

testing velocity was over 3 m/s, the debonding strain showed insignificant difference for 194 

specimens with different strengths. This is because the debonding strain was governed by the 195 

response of the interface rather than concrete. Therefore, the concrete strength did not 196 

considerably affect the debonding strain. Instead, the epoxy strength governed the fracture 197 

process and thus the debonding strain. All the specimens in this study used the same epoxy 198 

resin so that similar debonding strain was expected if the failure occurred at the interface.  199 
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Figure 9. Typical strain profile 206 

4.3 Experimental bond-slip curves 207 

The typical shear stress and slip curves are plotted in Figure 10. To obtain accurate and reliable 208 

results, five different loading stages within the plateau region of the load-slip curves after the 209 

initial debonding stage were selected to obtain the shear stress and slip curves, i.e., 60 mm, 90 210 

mm, 120 mm, 150 mm and 180 mm, which refers to the available stress transfer length along 211 

the BFRP sheets. The obtained shear stress and the corresponding shear slip are the average 212 

values of five loading stages. All the tested specimens showed similar bond-slip profile with 213 

an ascending branch and a descending branch. The shear stress increased firstly with the 214 

applied load. After reaching the peak shear stress, the degradation of shear stress initiated until 215 

the final detachment. A relatively small shear slip developed in the ascending branch, which 216 

was caused by the elastic linear stage of the BFRP-to-concrete interface [34, 35]. A larger shear 217 

slip was observed for the descending branch, which was resulted from the interfacial softening 218 

stage [36]. The shear stress (τ) and shear slip (s) can be derived by using the equations as 219 

follows: 220 
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  f f

d
x E t

dx

                                                                                                                      (1) 221 

 s x dx                                                                                                                           (2) 222 

in which Ef is the elastic modulus of BFRP sheets, tf is the thickness of a BFRP sheet, ε is the 223 

BFRP strain, τ(x) is the shear stress along the bonded area, and s(x) is the shear slip along the 224 

bonded area. 225 
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Figure 10. Typical shear stress and slip curves 229 

It is observed that the peak shear stress increased significantly with strain rate, as shown in 230 

Figure 11. For the specimens with a lower concrete strength, specimen C20-QS showed the 231 

lowest interfacial shear stress, which was 1.77 MPa and the corresponding shear slip was 0.105 232 

mm. The peak shear stress for specimen C30-QS and C40-QS was 3.13 MPa and 4.83 MPa 233 

and the corresponding slip was 0.121 mm and 0.142 mm, respectively, indicating that shear 234 

slip increased with the concrete strength. These observations are consistent with those reported 235 

in previous studies that the shear slip was proportional to the concrete strength [35, 37]. The 236 

testing results show that the shear slip decreased with strain rate. The measured shear slips for 237 

specimens C20-8, C30-8, and C40-8 at the dynamic testing of 8 m/s were 0.106 mm, 0.106 238 

mm, and 0.117 mm, respectively. Additionally, specimen C20 showed the highest increment 239 

in the peak shear stress, which increased by up to 453.35% at the dynamic testing of 8 m/s. 240 

However, specimen C40 only increased by up to 112.01% at the same testing speed. This 241 

indicates that the specimens with lower concrete strength showed greater strain rate sensitivity 242 

in interfacial shear stress while specimens with higher concrete strength exhibited less strain 243 

rate sensitivity and greater shear resistance. It is worth noting that the interfacial peak shear 244 

stress of specimens with different concrete strengths exhibited large variations but this 245 
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variation became small at a high loading rate, i.e. 8 m/s. The reason for this phenomenon was 246 

due to the failure shifting from concrete-dominant to interface-dominant. 247 

 248 

Figure 11. Comparison of interfacial shear stress 249 

The enclosed area of the bond-slip curve represents the fracture energy Gf. It is observed that 250 

the interfacial fracture energy increased significantly with strain rate, especially for the 251 

specimens with a low concrete strength. Figure 12 (a) plots the average result of each testing 252 

group. The interfacial fracture energy of specimen C20-QS was the lowest at 0.67 N/mm while 253 

the value for the specimen C40-QS was 1.59 N/mm, indicating that the specimens with higher 254 

concrete strength released greater energy during the debonding process. As the specimen with 255 

the lowest concrete strength was more sensitive to strain rate, the interfacial fracture energy 256 

exhibited a higher increment. The interfacial fracture energy of specimen C20-8 raised by 257 

423.63% when the loading speed was increased to 8 m/s. However, specimen C40-8 showed 258 

the lowest increment in fracture energy which was 206.96% at the highest loading speed, as 259 

shown in Figure 12 (b). Additionally, specimens C30 and C40 exhibited a similar fracture 260 

energy under 8 m/s, indicating that the effect of strain rate on fracture energy was more 261 

significant than that of concrete strength when the loading speed was over 3 m/s. This is 262 

because the shifted debonding failure from concrete to the concrete-epoxy interface at a 263 
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relatively high strain rate due to the fact that the dynamic increase factor (DIF) of concrete in 264 

tension increased faster than the epoxy resin and there was insufficient time for the cracks to 265 

develop in concrete under high loading rate.  266 

 267 

(a) Interfacial fracture energy vs. loading rate 268 

 269 

(b) Increment ratio of interfacial fracture energy 270 

Figure 12. Test results of interfacial fracture energy 271 

5. Analytical study of dynamic interfacial bond performance 272 

Based on the shear stress-slip curves of the tested specimens under different loading speeds, an 273 

approximate triangle shape can be observed, as shown in Figure 10. For simplicity, a simplified 274 

bond-slip model is used to model the bond-slip relationship, as shown in Figure 13 (R). The 275 
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simplified bond-slip law coincides with the experimental shear stress and slip curve. The 276 

difference from the previous bond-slip law is that the linear ascending stage is separated by a 277 

turning point, which represents the change of the slope of the bond-slip response and this stage 278 

is referred as the hardening stage (i.e. stage II) in the previous studies [38, 39]. 279 
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Figure 13. (L) Bond-slip curve of C40-8-1; (R) Simplified bond-slip law with hardening 281 

The simplified bond-slip law includes three stages (I, II, and III) including: (I) linear-elastic 282 

stage when the shear slip increases to s1; (II) linear hardening stage when the shear slip 283 

increased from s1 to s2 [38, 39]; and (III) softening stage where the shear stress degrades 284 

exponentially with the increased shear slip, as shown in Figure 13. The mathematical 285 

expressions for the simplified bond-slip model can be expressed as follows [38, 39]: 286 

 

 2

1
1

2 1 1 2 2 1

2 1 2 1 2 1

-
=

s s
m

s

s

s s
s s

s s s s

e

s s





   

  

  
  
  
     




   

1

1 2

2 u

s s

s s s

s s s



 

 

                                                             (3) 287 

in which τ is the interfacial shear stress, s is the shear slip, and  is the factor determining the 288 

shape of the softening stage. 289 
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     290 

Figure 14. Determination of the bond-slip model 291 

The bond-slip law is determined by some key parameters, i.e., τ1, τ2, τm, s1, s2, su, and ω. 292 

Meanwhile, the interfacial fracture energy Gf is the enclosed area of the bond-slip curve related 293 

to these parameters, which can be expressed by the following equation: 294 

1 2

10 0 u

s s

f s s
G ds ds ds ds   

 
                                                                                 (4) 295 

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

  1 1 1 2 2 1

1 1

2 2
m

fG s s s
  


                                                                                         (5) 297 

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

  1 1 1 2 2 1

1 1
2 2

m

fG s s s


  


   

                                                                                 (6) 299 

For the linear stage I in the strain-slip curve, strain ɛ1 can be expressed as follows: 300 

  1

1

s s
s

                                                                                                                       (7) 301 
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By considering 
ds

dx
   and   f f

d ds
x E t

ds dx

  , the function of the bond-slip in stage I can be 302 

expressed as follows [36]: 303 
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                                                                                                        (8) 304 

By substituting s=s1, the shear stress τ1 in stage I can be calculated by: 305 

2
1

1
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f fE t
s

                                                                                                                    (9) 306 

The function of the bond-slip in stage II can be described by the following equation: 307 

  2 1 1 2 2 1

2 1 2 1 2 1

- s s
s s

s s s s s s

      
  

                                                                                                      (10) 308 

For the linear stage II in the strain-slip curve, the relationship between τ1, τ2, ε1, and ε2 can be 309 

obtained by the previous studies [38, 39]: 310 

1 20.5s s                                                                                                                         (11) 311 

1 20.7                                                                                                                          (12) 312 

Therefore, the coefficient ω can be written as: 313 

2 20.55
m

fG s







                                                                                                            (13) 314 

The elastic-hardening stage II and the nonlinear softening stage III in the strain-slip curve can 315 

be expressed by an exponential function to describe the relationship between strain and slip: 316 

   1 s
us e                                                                                                       (14) 317 
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in which
2 f

u
f f

G

E t
   [40].                                                                                               (15) 318 

All the parameters are determined by the interfacial fracture energy Gf. Therefore, an accurate 319 

analytical interfacial fracture energy prediction model is necessary. 320 

5.1 Dynamic interfacial fracture energy 321 

As fracture of concrete was observed varying with loading speeds, and the increased fracture 322 

energy is attributed to the increased concrete tensile strength. It has been demonstrated in the 323 

previous studies that the interfacial fracture energy is correlated well with the width ratio βw 324 

and tensile strength of concrete ft [41, 42]. The testing results over 3 m/s showed different 325 

failure modes as compared to the results under the loading speed of 3 m/s. Therefore, Equations 326 

(16) and (17) were proposed to obtain the dynamic interfacial fracture energy under different 327 

strain rates (56.68 s-1 corresponds to 1 m/s). To expand the scope of application of the proposed 328 

models, a total of 35 dynamic testing results of FRP-to-concrete joints were collected from the 329 

previous studies [23, 25]. As the fracture of the adhesive layer was observed in some cases 330 
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when the loading speed was over 3 m/s, the strain energy of the adhesive layer (i.e. fa
2/2Ea) 331 

should be also incorporated into the proposed model. 332 
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in which α1, α2 and α3 are the coefficients to be obtained by the data collection, fa is the tensile 336 

strength of adhesive, Ea refers to the elastic modulus of adhesive, bc represents the width of 337 

concrete substrate, and bf refers to the width of BFRP sheet. The dynamic increase factor for 338 

concrete in tension (TDIF) [43] is adopted in the following equations: 339 
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where ft,d is the dynamic tensile strength, ft,s is the static tensile strength, and 
d is the strain 341 

rate. 342 

Table 2. Summary of data collection  343 

Reference Specimen ID Adhesive FRP Strain 
rate (s-1) 

ft 
(MPa

) 

Pu,exp 

(kN) 
τm 

(MPa
) 

Gf (N/mm) 
 fa 

(MPa) 
Ea 

(GPa) 
fa2/2Ea 

(N/mm2) 
Ef 

(GPa) 
tf 

(mm) 
bf 

(mm) 
Shen et al. [23] L200-D0-1 45.8 2.6 0.403 105 0.242 50 0.61E-3 2.62 11.40 2.95 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 15.00 4.64 1.39 
L200-D1-2 45.8 2.6 0.403 105 0.242 50 0.61E-2 3.89 13.30 5.00 1.23 
L200-D1-3 45.8 2.6 0.403 105 0.242 50 0.61E-2 3.89 12.50 3.89 1.02 

 L200-D2-1 45.8 2.6 0.403 105 0.242 50 0.047 4.49 15.50 3.68 0.92 
 L200-D2-2 45.8 2.6 0.403 105 0.242 50 0.047 4.49 14.50 5.37 1.46 
 L200-D2-3 45.8 2.6 0.403 105 0.242 50 0.047 4.49 13.10 5.39 1.77 
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 L200-D3-1 45.8 2.6 0.403 105 0.242 50 0.63 5.26 16.20 5.95 1.39 
 L200-D3-2 45.8 2.6 0.403 105 0.242 50 0.63 5.26 15.70 5.82 1.23 
 L200-D3-3 45.8 2.6 0.403 105 0.242 50 0.63 5.26 15.60 5.49 1.89 
Huo et al. [25]  C50-1-S-1 65.0 3.2 0.660 236 0.169 50 1E-5 2.85 13.60 4.05 0.64 
 C50-1-S-2 65.0 3.2 0.660 236 0.169 50 1E-5 2.85 11.50 3.50 0.61 
 C50-2-S-1 65.0 3.2 0.660 236 0.338 50 1E-5 2.85 18.00 3.28 0.64 
 C50-2-S-2 65.0 3.2 0.660 236 0.338 50 1E-5 2.85 14.20 4.25 0.63 
 C80-2-S-1 65.0 3.2 0.660 236 0.338 80 1E-5 2.85 17.50 4.74 0.70 
 C80-2-S-2 65.0 3.2 0.660 236 0.338 80 1E-5 2.85 18.40 3.47 0.52 
 C50-1-D200-1 65.0 3.2 0.660 236 0.169 50 3.12 8.38 15.10 5.40 1.43 
 C50-1-D200-2 65.0 3.2 0.660 236 0.169 50 2.67 8.10 17.80 6.93 1.72 
 C50-1-D200-3 65.0 3.2 0.660 236 0.169 50 4.56 9.06 16.90 6.02 1.71 
 C50-1-D400-1 65.0 3.2 0.660 236 0.169 50 4.10 8.87 24.40 6.39 2.22 
 C50-1-D400-2 65.0 3.2 0.660 236 0.169 50 4.90 9.19 18.00 5.47 1.39 
 C50-1-D400-3 65.0 3.2 0.660 236 0.169 50 4.70 9.11 16.80 6.45 1.53 
 C50-2-D200-1 65.0 3.2 0.660 236 0.169 50 2.09 7.66 20.00 5.58 1.20 
 C50-2-D200-2 65.0 3.2 0.660 236 0.169 50 2.05 7.63 21.30 7.33 1.38 
 C50-2-D200-3 65.0 3.2 0.660 236 0.169 50 2.62 8.07 27.20 5.22 0.81 
 C50-2-D400-1 65.0 3.2 0.660 236 0.338 50 2.63 8.07 24.60 5.49 1.31 
 C50-2-D400-2 65.0 3.2 0.660 236 0.338 50 3.13 8.39 33.10 6.21 1.94 
 C50-2-D400-3 65.0 3.2 0.660 236 0.338 50 2.02 7.60 29.00 5.47 0.62 
 C50-2-D600-2 65.0 3.2 0.660 236 0.338 50 3.59 8.63 24.90 6.56 1.79 
 C50-2-D600-2 65.0 3.2 0.660 236 0.338 50 3.65 8.66 24.40 6.20 1.10 
 C80-2-D400-1 65.0 3.2 0.660 236 0.338 80 2.55 8.02 27.20 6.48 1.80 
 C80-2-D400-1 65.0 3.2 0.660 236 0.338 80 2.92 8.26 27.90 8.13 1.78 
 C80-2-D400-1 65.0 3.2 0.660 236 0.338 80 2.10 7.67 21.10 5.68 0.96 

Note: 0.53t cf f  (MPa) [44]. 344 

Figure 15 shows the relationship between the interfacial fracture energy (Gf) in Z direction and 345 

concrete dynamic tensile strength (ft,d) in Y direction, adhesive strain energy (fa
2/2Ea) in X 346 

direction. After regression analyses, the best-fit coefficients of α1, α2 and α3 are given as 0.53, 347 

0.24 and 0.57 in Equations (20) and (21), respectively. The width βw can be obtained by 348 

Equation (18). Therefore, the expression of the dynamic Gf can be expressed as follows: 349 
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 352 

Figure 15. Best-fit coefficients for the interfacial fracture energy 353 

Figure 16 illustrates the contrast between the predicted and experimental fracture energy. It can 354 

be seen that the analytical predictions are consistent with the experimental data. The mean ratio 355 

between the predicted and experimental results is 1.13 and the corresponding coefficient of 356 

variation (COV) is 0.19.  357 
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Figure 16. Experimental interfacial fracture energy vs predicted results 359 
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5.2 Dynamic ultimate debonding strain 360 

Previous studies [40, 45-47] have proposed some ultimate debonding strain models for 361 

structural design purpose based on quasi-static tests, which is used to simulate the FRP 362 

debonding caused by the intermediate crack (IC).  However, a dynamic debonding strain model 363 

has not been proposed yet in the literature. Therefore, an empirical dynamic debonding strain 364 

model by incorporating strain rate is proposed herein. A model proposed by Maruyama and 365 

Ueda [40] is adopted here to predict the dynamic debonding strain due to this model 366 

incorporating both the FRP stiffness interfacial fracture energy and, which can be expressed as 367 

follows: 368 

2 f
u

f f

G

E t
                                                                                                                       (22) 369 

in which ɛu is the ultimate debonding strain, Gf is the interfacial fracture energy, and Eftf is FRP 370 

stiffness. By substituting the dynamic fracture energy Gf,d given in Equations (20) and (21) into 371 

Equation (22), the dynamic debonding strain ɛu,d can be obtained and the comparison between 372 

the predicted and testing data is plotted in Figure 17. It is clear that the predicted results show 373 

good agreement with the testing data due to the mean value of 1.02 and the coefficient of 374 

variation (COV) of 0.11. 375 
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Figure 17. Experimental debonding strain vs predicted results 377 

5.3 Dynamic bond stress and slip 378 

As the fracture of adhesive layer was observed in some cases when the testing velocity was 379 

over 3 m/s, the tensile strength of adhesive (fa) should be one of the factors determining 380 

dynamic shear stress of the BFRP-concrete interface. Previous studies [34] have demonstrated 381 

that the concrete tensile strength (ft) width ratio (βw) and are the key factors in determining the 382 

peak shear stress. To expand the scope of application of the proposed dynamic peak shear stress 383 

model, the previous test data listed in Table 2 are also selected to conduct the regression 384 

analyses. Therefore, three parameters including fa, βw, and ft are incorporated into the following 385 

equation to obtain the dynamic peak shear stress τm,d: 386 

  5

, 4 ,m d a w t sf TDIF f
                                                                                           (23) 387 

in which τm,d is the dynamic peak shear stress, TDIF is the dynamic increases factor for concrete 388 

in tension which can be obtained from Equation (19), and ft,s refers to the static concrete tensile 389 

strength. After regression analyses, the best-fit coefficients of α4 and α5 are 0.23 and 0.53, 390 

respectively. Figure 18 shows the relationship between the peak shear stress in Z direction with 391 
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the concrete tensile strength in Y direction and the adhesive strain energy in X direction. 392 

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

 0.53

, ,0.23m d a w t sf TDIF f                                                                                        (24) 394 

 395 

Figure 18. Best-fit coefficients for the peak shear stress 396 

Figure 19 illustrates the comparison between the predicted and experimental results. It is found 397 

that the analytical predictions are consistent with the testing results. The mean ratio between 398 

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

variation (COV) is 0.22.  400 
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Figure 19. Experimental peak shear stress (τm) vs predicted results 402 

According to the testing data, the peak shear slip s2 at the peak shear stress τm decreases with 403 

strain rate. However, the adopted peak shear slip s2 in this study is set as a constant of 0.115 404 

mm which is the average of all the tested specimens (i.e., C20, C30 and C40) due to the 405 

scattered data, as shown in Figure 20.  406 
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Figure 20. Shear slip s2 vs strain rate 408 
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5.4 Validation of dynamic bond-slip model 409 

Figure 21 illustrates the comparison between the predicted and experimental strain-slip and 410 

bond-slip curves. To demonstrate the reliability of the proposed model, at least four points 411 

along the bonded region were selected to track the strain and slip distributions. The distance of 412 

60 mm, 90 mm, 120 mm, 150 mm, and 180 mm shown in the legend refers to the range of 413 

strain distribution at five loading stages after the initial debonding stage. The comparison 414 

shows that the proposed bond-slip model is in good agreement with the experimental data.   415 
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Figure 21. Analytical and experimental strain-slip curves and bond-slip curves 420 

Numerous studies stated that some parameters (i.e. debonding load, shear stress or strain 421 

distribution) related to bond behaviour can be estimated by the proposed bond-slip models [34, 422 

48, 49]. Among these parameters, the debonding load and the strain distributions can be directly 423 

measured in the test program. Therefore, the validation of the analytical bond-slip model can 424 

be carried out via the debonding load and strain distribution. A widely accepted formula for 425 

calculating the debonding load can be expressed as follows [15, 37, 50, 51]: 426 

2u f f f fP b E t G                                                                                                               (25) 427 

By substituting the dynamic interfacial fracture energy Gf,d into Equation (25), the dynamic 428 

debonding load can be obtained accordingly. Figure 22 shows the contrast between the 429 

predicted and experimental results. It is observed that the predicted debonding load matches 430 



32 
 

well with the testing data. The mean ratio of the predicted and test results is 1.04 and the 431 

corresponding coefficient of variation (COV) is 0.10. 432 
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Figure 22. Experimental debonding load (Pu) vs predicted results 434 

6. Conclusions 435 

This study experimentally investigates the effect of concrete strength on the dynamic interfacial 436 

bond performance between BFRP and concrete at various strain rates (from 2.50E-5 to 175.65 437 

s-1) through the single-lap shear tests. The following conclusions can be drawn from the test 438 

results: 439 

(1) The quasi-static results show that the shear resistance increased with the concrete strength. 440 

The interfacial shear resistance increases with the loading rate, and the loading or strain 441 

rate sensitivity is concrete strength dependent, specimens made of low-strength concrete is 442 

more sensitive to strain rate than those made of higher-strength concrete.  443 

(2) A mixed failure mode was observed in the dynamic tests. The interfacial fracture occurred 444 

mainly in concrete layer when loading rate is less than 3 m/s, but occurred in concrete-445 

adhesive interface when loading rate is higher than 3 m/s. When failure occurred in the 446 

interface the concrete strength has insignificant effect on the interlayer bonding 447 

performance.   448 
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(3) Increased strain rate caused the enhancement on the dynamic bond strength. The specimen 449 

with the lowest concrete strength experienced the highest strain rate sensitivity with the 450 

largest increment ratio of the debonding load. Enhancement up to 129.14% was observed 451 

for the specimens with the concrete strength of about 20 MPa while the increment ratio of 452 

63.66% was observed for the ones with the concrete strength of about 40 MPa.        453 

(4) The interfacial fracture energy showed a remarkable increment with the strain rate, 454 

especially for the specimens with low concrete strength. Increment ratios of up to 423.63%, 455 

243.42, and 206.96% were observed for specimens made of C20, C30, and C40 concrete, 456 

respectively.  457 

(5) The proposed bond-slip model by incorporating the dynamic increase factor of concrete in 458 

tension (TDIF) yield good predictions as compared with the testing data. 459 
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