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14 Abstract

15 The bond behaviour between fiber-reinforced polymer (FRP) and concrete plays a critical role in the 

16 performance of FRP-strengthened reinforced concrete (RC) structures. While extensive research has 

17 been conducted on debonding failures, existing studies predominantly treat concrete as homogeneous, 

18 neglecting its inherent heterogeneity. This paper proposes an effective meso-scale finite element (FE) 

19 model incorporating random aggregate distributions to explicitly account for the heterogeneous nature 

20 of concrete. As only the compressive strength of concrete is usually reported in bond tests, a set of 

21 equations are identified as a guideline for calculating the material properties of mortar and coarse 

22 aggregates, as required by the damage plasticity constitutive relations of materials which are employed 

23 to model both coarse aggregates and mortar. The proposed model is validated through simulations of 

24 uniaxial tensile and compressive tests of concrete and FRP-to-concrete bonded joint experiments. Results 

25 demonstrate that the model’s capability to predict the mesoscopic damage and fracture evolution, as well 

26 as the macroscopic load-displacement curves and failure patterns. A parametric study reveals that 

27 increasing the coarse aggregate fraction from 30% to 50% enhances bond strength and displacement by 

28 7–8%. This meso-scale approach provides a robust tool for developing bond strength and bond-slip 

29 models, incorporating concrete's meso-structural characteristics. 

30 Keywords: Fiber reinforced polymer (FRP); Concrete; Bond behaviour; Meso-scale modelling; Monte 

31 Carlo simulation
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32 1. Introduction

33 Fibre reinforced polymer (FRP) composites are widely used for strengthening or retrofitting concrete 

34 structures, due to their advantages such as high strength-to-weight ratio, superior resistance to 

35 environmental attacks, good fatigue properties and ease of installation [1]. The main form of FRP 

36 strengthening is the bonding of thin FRP laminates to the surfaces of structural elements. The 

37 effectiveness of this strengthening technique is largely dependent upon the bond behaviour between the 

38 concrete and the FRP [2]. Existing experimental studies have shown that the ultimate strength of FRP in 

39 FRP strengthened structures cannot usually be achieved due to FRP debonding failures [3,4]. As a result, 

40 the concrete-FRP bond behaviour has attracted extensive experimental research efforts, using both beams 

41 [5–7] and FRP-to-concrete bonded joints [8–11] as classified by Chen et al.[12] and Yao et al. [8]

42 Numerical simulations of the FRP-to-concrete bond behaviour have also been undertaken, predominantly 

43 in 2D [13,14], and very limitedly in 3D, to consider the effect of the FRP width [15,16].

44 In the FRP-to-concrete bonded joint test, an FRP strip (either prefabricated plate or wet-layup sheet) is 

45 bonded onto a concrete prism. When the FRP is debonded from a normal strength concrete substrate, a 

46 thin layer (about 2-5 mm) of concrete is usually attached to the FRP, so the failure actually occurs in the 

47 concrete in most cases and the mechanical properties of this layer of concrete shall have dominant effects 

48 on the bond behaviour. It is thus reasonable to expect that the composition of concrete near the surface 

49 affects the bond behaviour. Limited experimental studies have been conducted to investigate the effect 

50 of concrete heterogeneity on the FRP-to-concrete bond behaviour. Pan et al. [17] found that the bond 

51 capacity is highly affected by the interfacial friction due to aggregate interlocking, and the distribution 

52 and volume fraction of coarse aggregates on the bond surface. Mostofinejad et al. [18] investigated the 

53 effect of the volume proportion of fine aggregates in total aggregates, using the single shear test, and 

54 found that as more fine aggregates were used, the bond strength was first reduced (when the proportion 

55 of fine aggregate was between 0.3 and 0.6) and then increased (when the proportion of fine aggregate 

56 was between 0.6 and 1.0). Mukhtar [19] investigated the influence of coarse aggregate properties and 

57 found that the specimens containing 30% steel slag aggregates by weight show improved bond 

58 performance compared with normal aggregates. A previous paper of the authors [20] on beam tests found 

59 that the presence of coarse aggregates on the FRP-concrete joint leads to 19% higher bond strength, but 
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60 much higher variations in the bond strength and the strain distribution across the width of FRP sheets, 

61 than the FRP-mortar joints.

62 These limited experimental investigations indicate that both the mechanical properties and the 

63 composition of concrete can affect the performance of FRP-to-concrete bond interfaces. To capture the 

64 stochastic nature, a large number of specimens have to be used which makes experimental investigation 

65 very expensive. Numerical simulations can thus play a major role because once validated, a large number 

66 of digital samples can be generated, and extensive parametric studies can be conducted with ease for 

67 statistical information and analysis. 

68 However, nearly all existing numerical models of FRP-to-concrete bond interfaces are macroscopic in 

69 nature, assuming homogeneous material behaviour. In contrast, meso-scale modelling can explicitly 

70 incorporate the meso-structure of concrete, allowing for a more realistic simulation of the complicated 

71 heterogeneity and stochastic mechanical behaviour due to the varying shapes, sizes and random 

72 distributions of coarse aggregates, and thus enables more realistic analysis of stress concentrations and 

73 crack paths that arise due to aggregate interactions.

74 This paper presents a numerical method considering the heterogeneous nature of concrete, using an 

75 effective meso-scale finite element (FE) model with randomly generated coarse aggregates. A 2D meso-

76 scale modelling framework is first proposed, describing the generation of a 2D stochastic mesoscopic 

77 FE model and the determination of material properties for the meso-components of concrete. Validations 

78 against benchmark tests and parametric analyses demonstrate the model's ability to capture meso-scale 

79 damage mechanisms and predict macroscopic bond behaviour

80 2. Meso-scale concrete finite element model

81 2.1 Generation of concrete meso-structure

82 At the meso-scale, concrete has mainly two components: coarse aggregates and mortar. There are two 

83 common approaches to generate the meso-structure: the digital image-based approach which generates 

84 the coarse aggregate distribution using digital images (usually from micro-XCT scans), and the 

85 computer-generation approach. In this work, the latter is adopted because it can generate a large number 

86 of random samples with little cost. A “take-and-place” algorithm is adopted and implemented in 
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87 MATLAB to generate randomly distributed aggregates and the remaining space is filled with mortar. 

88 The procedure is that an aggregate of random size and shape is generated according to a given size 

89 grading curve. Then random numbers are generated to define the position of the aggregate. An 

90 intersection detection algorithm between this aggregate and existing ones is conducted before the 

91 placement of each aggregate. If intersection or overlapping is detected, this aggregate is disregarded and 

92 a new set of random numbers are generated to produce a new one in a new position. This process is 

93 repeated until the target total aggregate area is achieved. The detailed procedure is widely available [21] 

94 and is not repeated here. In this study, polygons with 4 to 8 edges are used to represent crushed stone 

95 aggregates.

96 Fig. 1 shows two meso-scale samples generated according to one of the aggregate sieve tests in Hirsh 

97 [22] which is given in Table 1. The coarse aggregate area ratio is 40% and the remaining areas represent 

98 the mortar. A key aspect of the generation process is establishing a cut-off size to distinguish between 

99 coarse and fine aggregates. The maximum size for fine aggregates is usually (as in this study) set at 2.36 

100 mm when constructing concrete meso-structures[23–25], as particles below this size are difficult to be 

101 identified in digitized images [26]. Aggregates and cement particles smaller than 2.36 mm are typically 

102 not modelled individually but are instead treated as part of the mortar matrix. This approach maintains 

103 model fidelity while avoiding the computational challenges associated with simulating a large number 

104 of tiny elements, which would significantly increase both processing time and model complexity. 

105 It should be noted that the interfacial transitional zones (ITZ) between the aggregates and mortar are not 

106 explicitly modelled in this study, because the thickness of the ITZ is typically 10-50 μm [27], and 

107 including such a thin layer of elements in a meso-scale model leads to very fine meshes and numerical 

108 difficulties [28]. The material properties of ITZ are also not readily available – which makes it difficult 

109 to use interfacial elements such as cohesive or contact elements for the ITZ. 

110 Table 1 Size grading of coarse aggregates [22]

Sieve size (mm) Total percentage passing (%)

12.7 100

9.5 77

4.75 26

2.36 0
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111

Fig. 1. Computer generated 100 mm square meso-scale concrete samples

112 2.2 Determination of basic material properties of aggregates and mortar

113 In many studies, only the standard compressive test strength of concrete is available. The material 

114 properties of aggregates and mortar are rarely reported, but they are essential for meso-scale modelling. 

115 They are determined as follows in this study.

116 If the cubic compressive strength of a concrete is fc for a normal strength concrete, its cylinder 

117 compressive strength fc
‘ can be estimated from �′� = 0.79�� according to BS 8110 [29] and elastic 

118 modulus following Eurocode 2 [30]:

119 �� = 22 �� 10 0.3
                                                            (1)

120  Eq. 1 is also used to estimate the elastic modulus of coarse aggregates Ea in this study. 

121 The elastic modulus of mortar Em can be estimated using the Mori-Tanaka homogenisation theory [31,32]

122 �� = �� + ��(�� ��)1 (1 ��) �� ���� 4�� 3                                                        (2)

123 where Va is the volume fraction of coarse aggregates; �� = ��2(1 ��) is the shear modulus of the mortar; 

124 and �� is the Poisson’s ratio of the mortar. 

125 The cylinder compressive strength of mortar fm′ is evaluated according to the experimental relationship 

126 proposed by Sideris et al. [33]
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127 �′� = (�� ―12.4147)/0.2964                                                  (3)

128 The basic tensile properties are calculated according to the CEB-FIP (1990) model code [34]. The 

129 uniaxial tensile strength ft for the assumed homogeneous concrete and coarse aggregates is:

130 �� = 1.4 �'� 810 23                                                               (4)

131 The lower bound value of this model is used for the mortar considering its normally lower tensile strength 

132 than concrete:

133                                                   �� = 0.95 �′� 810 23                                                               (5)

134 The Mode I (tensile) fracture energy Gf is [13]

135 �� = 0.0469�2� ― 0.5�� + 26 �'�10 0.7
                                               (6)

136 where da is the maximum aggregate size. In this study the mortar consists of the cement paste and fine 

137 aggregates smaller than 2.36 mm. Thus, da is assumed to be 2.36 mm when calculating Gf for the mortar. 

138 The maximum fracture energy (0.205 N/mm) for C100 concrete in CEB-FIP (1990) model code is 

139 adopted for coarse aggregate considering that there is no conventional model for aggregates in concrete.

140 It can be seen once fc (or ft), fa, νm and Va are known, all the other basic material parameters for coarse 

141 aggregates and mortar can be calculated using Eqs. 1-6. For normal strength concrete, the uniaxial 

142 compressive strength of coarse aggregates fa′ ranges from 80 (for limestones) to 100 MPa (for basalt). 

143 Herein fa′=100 MPa and fa=123 MPa ([35]) are used in all the simulations in this study. Thus, elastic 

144 modulus Ea=46.7 GPa and tensile strength ft=6.15 MPa for coarse aggregates. The Poisson’s ratio is 

145 assumed to be 0.2 for both aggregates and mortar. The coarse aggregate volume ratio is usually not 

146 reported but it is typically 30–50%. Thus, a coarse aggregates area fraction of Va=40% is used in all the 

147 meso-scale models in this paper unless otherwise stated. 
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148 2.3 Material properties in the concrete damage plasticity model

149 The concrete damage plasticity (CDP) model in ABAQUS[36] is used to model the damage and fracture 

150 behaviour of both aggregates and mortar. The CDP model has been proven capable of simulating the 

151 debonding behaviour in macroscopic models of FRP-to-concrete bond joints [13], as well as mesoscopic 

152 concrete fracture behaviour under both static and dynamic loadings [37].

153 The tensile behaviour of both materials is modelled by the normal traction (σt) vs crack opening 

154 displacement (wt) relationship proposed by Hordijk [38]: 

155
���� = 1 + �1  � �! 3 " ―�2  � �! ―  � �!(1 + �31)                                     (7)

156  �! = 5.14����                                                                      (8)

157 where wcr is the crack opening displacement at the complete loss of tensile strength, and �1 = 3.0 and �2 

158 = 6.93 are constants. 

159 Many compressive stress-strain curves are available for concrete. The following curve proposed by 

160 Saenz [39] is used here for both coarse aggregates and mortar

161 �� = �0#�1 �0#$�$ 2 #�#$ #�#$ 2                                                         (9)

162 where σc and εc are the compressive stress and strain, and σp and εp are the peak stress and the 

163 corresponding strain, respectively, σp is the cylinder compressive strength (=�′� for mortar and �′� for 

164 aggregates) and E0 is the elastic modulus (= Em for mortar and Ea for aggregates).

165 It is now widely accepted that the tensile fracture of concrete is localised and should be modelled using 

166 the traction-crack opening displacement curves (Eqs 7-8) with a constant fracture energy Gf, rather than 

167 the tensile stress-strain curves, to avoid mesh dependence of results when the continuum mechanics-

168 based CDP model is used ([13]). It is increasingly recognised that the compressive failure process of 

169 concrete is also highly localised [40,41], and a similar approach should be used to model damage and 

170 crushing in concrete under compression (e.g. [14,42–46]). Specifically, compressive fracture energy or 
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171 crushing energy Gc [47], is defined similarly to the tensile fracture energy as a material property and the 

172 stress-strain curve is adjusted with the mesh size as follows 

173 ∫ ��#&' = ��ℎ�                                                                  (10)

174 where σ - εin is the stress-inelastic strain curve used in the CDP model, which is adjusted with the 

175 characteristic length hc of each finite element. This is achieved by maintaining the stress value and only 

176 changing the inelastic strain of the Saenz [39] curve (Eq. 9) to ensure that the area under the curve is 

177 equal to Gc/hc so that the crushing energy Gc remains a constant material property for any mesh size. 

178 From uniaxial compression tests, the crushing energy Gc is 50~100Gf in Vonk [42] and 250Gf in 

179 Nakamura and Higai [45]) for normal strength concrete. As no data are available for aggregates and 

180 mortar, Gc=150Gf is assumed for both meso-components.

181 After entering the softening stage, the damage factor under uniaxial tension or compression for both 

182 aggregates and mortar is calculated by the Lubliner et al.’s (1989) model [48] to represent stiffness 

183 degradation

184 �= 1― ��                                                                  (11)

185 in which � is the stress and � is either the tensile or compressive strength of the material as appropriate.

186 The plasticity behaviour of the CDP model involves five other parameters: the dilation angle ψ, the flow 

187 potential eccentricity ϵ, the ratio of initial biaxial compressive yield stress to initial uniaxial compressive 

188 yield stress σb0/σc0, the ratio of the second stress invariant on the tensile meridian to that on the 

189 compressive meridian Kc and the viscosity regularisation factor μ. The value of ψ for normal strength 

190 concrete varies from 30° to 38° in the literature and ψ = 37° is used in this study. The viscoplastic 

191 regularisation factor μ is used to overcome severe convergence difficulties due to softening behaviour 

192 and stiffness degradation of materials. A higher value tends to speed up convergence but reduce the 

193 accuracy of the results. A sensitivity analysis was conducted and the results showed that μ = 10-6 is 

194 suitable for both convergence and accuracy. Default values in ABAQUS are used for the other three 

195 parameters: ϵ = 0.1, σb0/σc0 = 1.16 and Kc = 0.667.
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196 3. Validation 

197 The meso-scale concrete modelling approach proposed above was validated by simulating benchmark 

198 tests of uniaxial tension, uniaxial compression and a single shear FRP-to-concrete bonded joint, before 

199 it was applied to a wide range of FRP-to-concrete bonded joint shear tests from various sources. 

200 3.1 Uniaxial tension test

201 he square specimen HS06 of 100 mm size with two middle notches on the left and right edges tested by 

202 Li and Absari [49] was simulated first to validate the proposed meso-scale modelling approach. The 

203 generated meso-scale FE mesh is shown in Fig. 2.  All materials were modelled using the 4-node plane 

204 stress element (CPS4) with a global mesh seed of 1 mm. The boundary condition is also shown. All the 

205 nodes at the upper boundary are subjected to a uniform vertical displacement. The reported concrete 

206 tensile strength ft in [49] was 3.2 MPa. All the properties of the mortar were calculated according to the 

207 equations in Section 2.2: elastic modulus Em = 31 GPa, compressive cylinder strength fm′ = 62.6 MPa, 

208 tensile strength ft = 2.95 MPa and fracture energy G = 0.091 N/mm.

Fig. 2. A meso-scale numerical model under uniaxial tension

209 Fig. 3 compares the simulated stress-strain curves for three mesh sizes (2 mm, 1.5 mm and 1 mm) and 

210 the test data. Although the prediction of the 2 mm mesh appears to be closer to the test results, those 

211 from the 1.5 mm and 1 mm meshes are almost the same thus it may be appropriate to state that mesh 

212 convergence was obtained at 1.5 mm. Monte Carlo simulations of 10 meso-scale samples with different 

213 distributions of coarse aggregate were carried out using meshes of 1 mm element size. The 10 stress-
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214 strain curves together with their mean are plotted in Fig. 4. It is seen that the curves are close to the 

215 experimental data. The randomness of the coarse aggregate distribution has little effect on the tensile 

216 peak stress (strength). Its main effect is on the softening branch.

Fig. 3. Stress-strain curves of the uniaxial 
tension test

Fig. 4. Stress-strain curves for 10 samples of the 
uniaxial tension test

217 Fig. 5 shows the damage and fracture process in the meso-scale model shown in Fig. 2, where the 

218 elements with high values of tensile damage index DAMAGET (normally DAMAGET ≥ 0.8) can be 

219 regarded as cracks [28]. Little damage is seen before the peak stress with a corresponding strain of about 

220 90με. Damage initiates first in the mortar near the aggregate-mortar interfaces shortly after the peak 

221 stress (Fig. 5(a)). After the peak, the damage index increases and the damaged areas extend, to form a 

222 highly localised macroscopic crack. This is similar to the results from continuum-based simulations with 

223 the ITZ modelled [28,50] or discrete crack based simulations using cohesive elements for the mortar-

224 aggregate interfaces [21,51,52].

(a) Strain = 100με

(immediately after peak 
stress)

(b) Strain = 150με (c) Strain = 2000με

225 Fig. 5. Crack propagation in the mesoscopic uniaxial tension test
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226 3.2 Uniaxial compression tests

227 A 100 mm concrete cube tested by van Mier [41] under uniaxial compression was next modelled. Fig. 6 

228 shows a 2D meso-scale sample with a global mesh seed of 1 mm. The model is sandwiched between two 

229 rigid plates; the lower plate is fixed while the upper one moves downwards to compress the specimen. 

230 Surface-to-surface contact with no friction and a friction coefficient of 0.47 [53] was defined between 

231 the concrete and the plates to simulate the effects of the end friction. The reported cubic compressive 

232 strength of concrete in [41] is 43 MPa, from which the material properties of mortar were calculated 

233 from the equations in Section 2.2 as: Em = 27.8 GPa, fm′ = 51.9 MPa, ft = 2.55 MPa and Gf = 0.079 N/mm.

Fig. 6. A meso-scale numerical sample under uniaxial compression

234 The simulated stress-strain curves with different mesh sizes are shown in Fig. 7, together with the 

235 experimental result from [41]. The results are slightly mesh-dependent, indicating the effectiveness of 

236 the crushing energy-based method (Eq. 10), particularly for the model with end friction. The numerical 

237 results with end friction are much closer to the experimental data than those without end friction, because 

238 the former is better in line with the experimental setting. Monte Carlo simulations of 10 meso-scale

239 numerical samples with end friction were also carried out for the uniaxial compression test, and the 

240 results are shown in Fig. 8. The predicted mean strength is 43.8 MPa, very close to the experimental 

241 value of 43.2 MPa.
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Fig. 7. Stress-strain curves of the uniaxial 
compression test

Fig. 8. Stress-strain curves for 10 samples of the 
uniaxial compression test with end friction

242 The damage evolution processes of the meso-scale model with and without end friction are shown in Fig. 

243 9, where the damage is represented by the overall stiffness degradation index SDEG. It can be seen that 

244 the failure mode with end friction is the typical cone failure with X-shaped localised shear cracks, 

245 whereas the model without end friction fails with diffusive cracks parallel or slightly inclined to the 

246 loading direction and uniform dilatation [50,54].
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Fig. 9. Effect of boundary friction on uniaxial compression (top row: no friction; bottom row: friction 
coefficient = 0.47)
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247 3.3 Single shear test of an FRP-to-concrete bonded joint

248 3.3.1 The FE Model

249 The FRP-to-concrete bond behaviour is commonly tested using the single shear test in which an FRP 

250 plate is bonded to a concrete prism and subjected to a tensile force. The specimen II-5 tested by Yao et 

251 al. [8] was simulated here for further validation of the proposed meso-scale modelling approach. Fig.10 

252 shows a 2D meso-scale sample with an element size of 1 mm. The FRP plate was 0.165 mm thick and 

253 25 mm wide. The bond length was 190 mm. The geometry and boundary conditions shown in Fig.10 are 

254 adopted where the specimen is restrained vertically along the base and horizontally along part of the right 

255 edge. The nodes at the right edge of the FRP are subjected to a horizontal displacement loading. The 

256 ABAQUS/Implicit solver is used with loading time t to model the quasi-static loading condition. The 

257 reported cylinder compressive strength of concrete in [8] is 22.9 MPa, from which all the material 

258 properties of mortar were calculated from the equations in Section 2.2: Em = 22.9 GPa, fm′ = 35.5 MPa, ft 

259 = 1.87 MPa and G  = 0.061 N/mm. The FRP had a modulus of elasticity of 256 GPa. 

260 The aggregates, mortar and FRP were all modelled using the plane stress element CPS4. Perfect bonding 

261 between the FRP plate and concrete was assumed, considering the fact that the strength of the adhesive 

262 is generally higher than that of concrete so the debonding failure is usually governed by the concrete 

263 cracking under the FRP plate. Because the test was modelled as a plane stress problem while the actual 

264 behaviour is three-dimensional due to the different widths of the FRP plate (bp) and the concrete prism 

265 (bc), a width ratio factor βw proposed by Chen and Teng [55] was used to correct the responses:

266 * = 2 +$/+�1 +$/+�                                                                      (12)

Fig. 10. 2D meso-scale FE model of an FRP-to-bonded joint under single shear
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267 All the predictions of load, displacement, stress and strain in the FRP plate were multiplied by the βw 

268 value for the actual bp and bc and then divided by βw value for bp = bc = 1 mm, as suggested by Li et al. 

269 [14].

270 3.3.2 Mesh convergence and effect of loading time

271 A mesh convergence study was first carried out. Fig. 11 shows the simulated load-displacement (at the 

272 loaded end) curves with different mesh sizes together with the experimental results. It can be seen that 

273 the differences are negligible between those from the 1 mm and 0.5 mm meshes. Mesh size of 1 mm was 

274 used in all the meso-scale simulations below, to balance the computational efficiency and accuracy of 

275 the predictions. The predicted bond strength (which is defined as the maximum load) with 1 mm mesh 

276 is 6.56 kN, close to the experimental value of 7.07 kN.

Fig. 11. Load-displacement curves of the single shear test

277 The meso-scale simulations of FRP debonding failures could be very complex because of the presence 

278 of highly localised mortar cracking and strong nonlinear bond behaviour between coarse aggregates, 

279 mortar and FRP plate, which leads to severe convergence difficulties. Chen et al. [56] suggested an 

280 implicit dynamic approach to tackle the convergence problem in the FE simulation of FRP-strengthened 

281 reinforced concrete beams. The implicit dynamic approach was also adopted in this work. The loading 

282 time has a significant effect on the computational efficiency and accuracy of results when the dynamic 

283 solver is used to model quasi-static loading conditions. In principle, the loading time must be long enough 

284 to minimise any dynamic effects. However, a long loading time results in greater computational costs. 

285 So, a balance has to be made between computational efficiency and accuracy.
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286 The calculated fundamental natural period T1 is 0.00029s for the above bond test model. A parametric 

287 study was conducted for comparing the load-displacement curves of the mesoscopic sample with four 

288 loading times of 0.003 s, 0.03 s, 0.3 s, and 3 s, which are about 10, 100, 1000, and 10000 times the natural 

289 period of the model, respectively. The predicted force-displacement responses at the loaded end of FRP 

290 and the corresponding ratios of kinetic energy history to internal energy history are shown in Fig. 12. 

291 The running time for models with loading times of 0.003 s, 0.03 s, 0.3 s, 3 s were 5.5 mins, 10.2 mins, 

292 20.0 mins, 66.1 mins, respectively, when conducted by parallel computation using 20 Intel Xeon CPUs 

293 E5-2678 @ 2.50 GHz with 1 NVIDIA Quadro P1000 GPU acceleration. It can be seen that the results 

294 are almost the same when the loading times are 0.3 s and 3 s. The ratio of kinetic energy to internal 

295 energy of t=0.003 s is significantly larger compared to the other three cases, and the models overestimate 

296 the ultimate force and the debonding displacement. A loading time of 0.3 s, which is about 1000 times 

297 the natural period of the models, was used in the following simulations. 

(a) On predicted force-displacement curves (b) On ratio of kinetic energy to internal energy

Fig. 12. Effect of loading time 

298 Fig. 13 shows the damage and fracture process of the meso-scale model in Fig. 10. The mortar at the 

299 loaded end first exhibits damage and cracking in a small zone under the FRP plate. Then the crack starts 

300 to propagate along the FRP-to-concrete bond interface in the mortar. During the debonding stage, 

301 inclined micro-cracks gradually form along the edges of coarse aggregates adjacent to the bonded line. 

302 The bonded joint fails by the separation of the FRP plate from the concrete, with a thin layer of concrete 

303 attached (with mortar and a small number of small coarse aggregates). This debonding process resembles 

304 well with the typical FRP debonding failure mode observed in experiments. The fluctuations in the 
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305 predicted load-displacement curves are caused by the presence of random coarse aggregates and the 

306 gradual formation of micro-cracks during the debonding process.

307
308 Fig. 13. Failure process of specimen II-5 in Yao et al. (2005)

309 Fig. 14 presents the strain distributions along the upper and lower surfaces of the FRP plate at various 

310 loading levels. They show notable local fluctuations consistent with experimental observations [57, 58]. 

311 These strain variations can be attributed to localized material heterogeneity, specifically the distribution 

312 of coarse aggregates and the resulting local bending of the FRP plate. For examples, the crack above the 

313 aggregate at point A and the support from the neighbouring one (circled in yellow) leading to localized 

314 downward bending in the FRP plate. As a result, the upper surface of the FRP plate experiences a 

315 reduction (Fig. 14a), while the lower surface undergoes an increase (Fig. 14b) of the tensile strains. At 

316 point B, a relatively large region is lack of aggregates, causing an upward local bending of the FRP plate.

Page 16 of 29

https://mc.manuscriptcentral.com/aise

Advances in Structural Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

17

(a) On the upper surface of FRP

(b) On the lower surface of FRP
Fig. 14. Strain distributions at different loading levels of specimen II-5 in Yao et al. (2005) 

317
318 3.3.3 Effect of damage model

319 Previous research has indicated that CDP simulations of FRP-to-concrete interface debonding behaviour 

320 are sensitive to the damage definition which governs the damage evolution upon unloading. Finding that 

321 the Lubliner et al.’s model [59] (Eq. 12) is not effective, Tao and Chen [13] proposed a damage definition 

322 in CDP models which were effective in simulating the concrete-to-FRP debonding behaviour at 
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323 macroscale. The review of eight empirical damage models by An [59] found that Birtel and Mark’s 

324 model [60] provided the best match for the FRP-to-concrete bond strength in macroscopic simulations. 

325 The effects of these three damage models in simulating meso-scale interfacial debonding of FRP-to-

326 concrete bonded joints are explored here. 

327 In ABAQUS, the concrete damage factor d is used to characterise the stiffness degradation under uniaxial 

328 loading:

329 �= (1― �)�0(# ― #$,)                                                           (13)

330 where E0 is the initial (undamaged) modulus of elasticity and εpl is the plastic strain. The concept is 

331 illustrated in Fig. 15, in which other strain conventions are also defined.

332

333 Fig. 15. Damage definition of CDP model in ABAQUS

334 Birtel and Mark’s model [60] defines the damage factor as

335 �= 1― �/�#$, 1+ 1 �/�                                                        (14)

336 where b is defined as εpl/εin and is typically assumed as 0.7. 

337 Eq. 14 can be rewritten as 

338 �= #&'(1 +)#&'(1 +) �/�                                                            (15)

339 Tao and Chen’s model [13] defines damage as 
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340 �= #&'(1 �)#&'(1 �) �/� , &� #$, ≥ 0#&' (# #"�!)#&' (# #"�!) �/� , &� #$, < 0                                             (16)

341 where c = σ/f (see Eq. 9) and #"�! is the critical elastic strain when the plastic strain rate #$, is zero.

342 Figs. 16a and 16b compare the three damage curves calculated by Eqs. 11, 15 and 16 for the mortar under 

343 compression and tension, respectively, using the material properties in the example in this section. The 

344 same models were used for the coarse aggregates. It is seen that the damage evolves with much higher 

345 rates in the Birtel and Mark’s model [60] and Tao and Chen’s model [13] than that in the Lubliner et 

346 al.’s model [59], especially in tension, because the former two models are mesh dependent where the 

347 damage is calculated from the inelastic strain (see Eqs. 15 and 16) equal to the crack width wt (see Eq. 

348 7) divided by the characteristic element size.

(a) Mortar: under compression (b) Mortar: under tension

Fig. 16. Damage evolution curves of three models for the mortar (1 mm element size)

349 Fig. 17 shows the simulated load versus displacement curves for the meso-model in Fig. 10 using the 

350 three damage models. The simulations using the Birtel and Mark’s model and the Tao and Chen’s model 

351 terminated at an early stage due to convergence difficulties. It can be seen that different damage models 

352 lead to significantly different results. The predictions using Lubliner et al.’s model appear to be in closer 

353 agreement with the test results, whereas Birtel and Mark’s model significantly over-predicts the bond 

354 strength. The damage models also affect the predicted failure pattern as shown in Fig. 18. Lubliner et 

355 al.’s model was used in all simulations in the rest of this paper.
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356

357 Fig. 17. Effect of damage model on predicted load-displacement curve

358

359 Fig. 18. Effect of damage model on predicted failure pattern

360 4. Simulation of a set of FRP-to-concrete bonded joint tests

361 To demonstrate the capability of the proposed 2D mesoscopic FE method, the 56 single shear tests 

362 reported in Yao et al. [8] were simulated. It may be noted that Yao et al. [8] reported a total of 72 tests 

363 but 16 of them failed in other modes (concrete prism failure and debonding at the adhesive-concrete 

364 interface) rather than debonding in the concrete so they were excluded in this study. These tests used the 

365 same geometries and dimensions as in Fig. 10 but with a range of the length and width of the FRP plate 

366 and the height of the free concrete edge hc. For specimens with hc <= 30 mm, the actual hc value was 

367 used in the simulations here. For specimens with hc > 30 mm, hc was set to 30 mm. The cylinder 
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368 compressive strength of concrete ranged from 18.1 MPa to 24.9 MPa, from which all the material 

369 properties of mortar were calculated as listed in Table 2 based on the equations in Section 2.2.

370 Table 2 Mortar properties for 2D mesoscopic FE simulation for all specimens in Yao et al. [8]

Mortar properties for 2D mesoscopic FE simulation 

Test specimen
Concrete 
cylinder 

strength (MPa)
Elastic 

modulus 
(GPa)

Compressive 
strength (MPa)

Tensile 
strength 
(MPa)

Fracture 
energy 

(N/mm)

Group I 23.0 22.9 35.5 1.87 0.061

Group II 22.9 22.9 35.5 1.87 0.061

Group III 27.1 24.9 42.0 2.15 0.068

Group IV (1) 18.9 21.0 28.8 1.55 0.053

Group IV (2) 19.8 21.4 30.4 1.62 0.055

Group V 21.1 22.1 32.6 1.73 0.057

Group VII 24.9 23.8 38.7 2.01 0.065

371 To supplement the narrow range of concrete strength in the tests of Yao et al. [8], five specimens (No. 

372 1-5) tested in Ali-Ahmad et al. [61] and three specimens (S-CFS-400-25) tested in Wu et al. [62] were 

373 also simulated. The concrete cylinder strength was 38 MPa for the former and 57.6 MPa for the latter. It 

374 is noted that in Ali-Ahmad et al. [61], the concrete compressive strength test was conducted at 28 days 

375 but the debonding tests were conducted at 97 days, so the compressive strength was here increased by 

376 20  as suggested by Guo [63]. The material properties of mortar for these two groups of specimens are 

377 listed in Table 3.

378 Table 3 Mortar properties for 2D mesoscopic FE simulation for specimens in Ali-Ahmad et al. 
379 [61] and Wu et al.  [62]

Mortar properties for 2D mesoscopic FE simulation 

Test specimen

Concrete 
cylinder 
strength

(MPa)

Elastic 
modulus

(GPa)

Compressive 
strength 

(MPa)

Tensile 
strength 
(MPa)

Fracture 
energy 

(N/mm)

Ali-Ahmad et 
al. [61] 45.6 (97 days) 32.0 66.2 3.08 0.094

Wu et al.  [62] 57.6 34.5 74.5 3.36 0.102
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380 Fig. 19 compares the test and simulated bond strengths for all the 64 FRP-to-concrete bonded joints. The 

381 predictions of Chen and Teng’s (2001) [55] model are also shown for reference. It can be seen that both 

382 predictions are overall in good agreement with the test data. The present mesoscopic FE model 

383 overestimates the bond strength by 4% on average with a coefficient of variation CoV = 12.9% whilst 

384 Chen and Teng’s analytical model [55] underestimates by 6% on average with CoV = 10.2%. Clearly, 

385 both predictions have similar accuracy and scatter when compared with the test results. A plausible 

386 reason might be that a constant coarse aggregate grading and volume fraction were used in all the 

387 mesoscopic models in this section but these could be different in the test concrete. Furthermore, the 

388 distribution of the aggregates is random in nature. This will be further discussed in Section 5.

389

390 Fig. 19. Comparison of the predicted bond strength of the present simulation with test data

391 Fig. 20 compares the predicted load-displacement curves from simulations of ten meso-scale random 

392 models with the test data in Yao et al. [8] and Ali-Ahmad et al. [61]. It is seen that the random nature of 

393 the coarse aggregate distribution significantly affects the load-displacement responses, as well as the 

394 peak force. The predicted bond strength for specimen II-5 in Yao et al. [8] ranges from 6.41 to 6.98 kN, 

395 slightly lower than the experimental value of 7.07 kN. The predicted strengths for the tests in Ali-Ahmad 

396 et al. [61] vary from 10.8 kN to 12.2 kN, which are again slightly lower than the five test results between 

397 11.5 kN-13.2 kN.
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(a) Specimen II-5 in Yao et al. [8] (b) Specimens in Ali-Ahmad et al. [61]

Fig. 20. Monte Carlo simulations of single shear tests

398 5. A parametric study

399 The proposed meso-scale modelling approach was adopted for investigating the effect of coarse 

400 aggregate area fraction (AF) on the FRP-to-concrete bond behaviour. The single shear test specimen in 

401 Ali-Ahmad et al. [61] was modelled. Besides AF=40% as presented in Section 4, two additional Monte 

402 Carlo simulations with AFs=30% and 50% were carried out, with 10 random meso-scale samples 

403 generated and simulated for each Monte Carlo simulation. The mesoscopic material properties for the 

404 mortar were calculated using fc
’=45.6MPa (97 days) according to the equations in Section 2.2 and listed 

405 in Table 4.

406 Table 4 Mortar properties in 2D mesoscopic FE models for the parametric example (fc
’=45.6MPa)

Mortar properties in 2D mesoscopic FE simulation

AF
Elastic 

modulus (GPa)
Compressive strength 

(MPa)
Tensile strength 

(MPa)
Fracture energy 

(N/mm)

30% 33.8 72.1 3.28 0.100

50% 29.8 58.6 2.80 0.086

407 The predicted force-displacement curves and the corresponding mean curves of the two additional AFs 

408 are shown in Fig. 21. The results for AF=30% and 50% are similar in shape to Fig. 20b with AF=40%. 

409 Again, the random aggregate distribution leads to significant scatters in the debonding behaviour. After 

410 entering the debonding stage, the mean curve with a higher AF presents a higher peak force as well as 

411 the maximum displacement, indicating higher fracture energy of the FRP-to-concrete bonded joint. 
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(a) 30% coarse aggregate fraction (b) 50% coarse aggregate fraction

(c) Comparison

Fig. 21. Monte Carlo simulations with different AFs

412 Table 5 compares the average peak loads and the average maximum displacements of Monte Carlo 

413 simulations with different AFs. When the AF increases from 30% to 50%, both the mean peak load and 

414 the final displacement increase by 7~8%, from 11.3 MPa to 12.1 MPa and from 0.76 mm to 0.82 mm, 

415 respectively.

416 Table 5 Average peak load and maximum displacement for different coarse aggregate fractions 
417 (AF)

AF Average peak Load (kN) Average maximum displacement (mm)

30% 11.3 0.76

40% 11.7 0.79

50% 12.1 0.82

418 This parametric example shows that the proposed mesoscopic modelling method is capable of 

419 investigating the effect of concrete meso-components on the bond behaviour of FRP-to-concrete bonded 
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420 joints. Extensive parametric studies are being conducted to achieve a better understanding of the bond 

421 behaviour.

422 6. Conclusions

423 A systematic study on the debonding behaviour of FRP-to-concrete bonded joint has been conducted 

424 using meso-scale numerical simulations. The main conclusions are:

425 (1) An efficient algorithm has been developed to generate meso-scale models with random coarse 

426 aggregates of designed size grading and volume fractions. As only the compressive strength of concrete 

427 is usually reported in laboratory test results, a set of equations have been identified for calculating the 

428 material properties for both mortar and coarse aggregates required by the concrete damage plasticity 

429 (CDP) model. 

430 (2) The meso-scale simulations have been successfully validated against uniaxial tensile and compressive 

431 benchmark tests and several FRP-to-concrete bonded joint tests from the literature, in terms of load-

432 displacement curves, damage and fracture evolution and failure patterns. 

433 (3) A parametric study has shown that the random distribution of coarse aggregate affects significantly 

434 the load-displacement response of FRP-to-concrete bonded joint. When the area fraction of coarse 

435 aggregate increases from 30% to 50%, both the mean peak load and the final displacement of the joint 

436 increase by 7~8%.  

437
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