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8 Abstract: Inorganic polymer concrete (IPC) reinforced with basalt fibre reinforced polymer (BFRP) was 

9 proposed as a promising substitute of conventional reinforced concrete for structures to enhance their 

10 sustainability and durability. This paper, for the first time, presents a systematic study, experimental, 

11 theoretical and numerical, of shear behaviour of IPC beams reinforced with BFRP bars and stirrups 

12 considering the effects of stirrup spacing (S = 80, 100 and 150 mm) and shear span-to-depth ratio (λ = 

13 1.5, 2.0 and 2.5). Result indicates that all BFRP-IPC beams fail in shear as a result of BFRP stirrup 

14 rupture and shear-compression failure. Compared to S, λ has a more pronounced influence on shear 

15 performance of BFRP reinforced IPC beams, with a maximum reduction of ultimate shear load by 29.4%. 

16 The simulation results show good agreement with experimental data, while the theoretical predictions 

17 according to existing design provisions for FRP reinforced concrete have a discrepancy of more than 

18 30% with experiments due to lack of consideration of λ. Modified equations taking into account the effect 

19 of λ were then derived and used to predict the shear capacity of BFRP reinforced IPC beams, which 

20 agrees well with experimental data with an average discrepancy of only around 5%.
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23 Nomenclature

𝐴𝑓 Total cross-sectional area of longitudinal 

tension reinforcement (mm2)

𝑛𝑓 Ratio of modulus of elasticity of reinforcing 

bars to modulus of elasticity of concrete
𝐴𝑓𝑣 Total cross-sectional area of spiral 

reinforcement (mm2)

𝑟𝑏 Internal bend radius of the FRP spirals (mm)

𝑑 Effective depth of tensile reinforcement (mm) 𝑆 Spacing of spirals (mm)

𝑑𝑏 Bar diameter (mm) 𝑉𝑐 Shear strength of concrete (kN)

𝑑𝑣 Effective shear depth (mm) 𝑉𝑐𝑓 FRP concrete shear strength (kN)

𝐸𝑐 Modulus of elasticity of concrete (MPa) 𝑉𝑐𝑟 First diagonal shear crack (kN)

𝐸𝑓 Modulus of elasticity of FRP reinforcing bars 

(MPa)

𝑉𝑒𝑥𝑝 Experimental shear strength (kN)

𝐸𝑓𝑣 Modulus of elasticity of FRP spirals (MPa) 𝑉𝑓 Shear strength of stirrups

𝐸𝑠 Modulus of elasticity of steel reinforcing bars 

(MPa)

𝑉𝑝 Predicted shear strength from the previsions

𝑓′𝑐 Specified compressive strength of concrete 

(MPa)

𝑉𝑠 Simulated shear strength

𝑓𝑐𝑟 Cracking strength of concrete (MPa) 𝛾𝑏 Safety factor

𝑓𝑐𝑢 Compressive stress in struts (MPa) 𝛼 Coefficient reflecting the influence of λ

𝑓𝑓𝑢 Tensile strength of straight portion of spirals 

(MPa)

𝜀𝑜 IPC strain at the maximum stress

𝑓𝑓𝑣 Stress in FRP spirals (MPa) 𝜀𝑐𝑢 Strain at the failure stress

𝑓′𝑚𝑐𝑑 Design compressive strength of concrete 

allowing for size effect (MPa)

𝜀𝑠 BFRP strain

𝑀𝑑 Design bending moment ( )𝑁 ∙ 𝑚𝑚 𝜃 Angle of inclination of the principle diagonal 

compressive stress (in degrees)
𝑀𝑓 Factored moment ( )𝑁 ∙ 𝑚𝑚 𝜆 Shear span-to-depth ratio

𝑁𝑓 Factored axial force (kN) 𝜌𝑓 FRP longitudinal reinforcement ratio

24
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25 1. Introduction

26 Concrete is the most commonly used construction material in the world. The sustainability issue of the 

27 manufacture of concrete has been raised, concerning the production of Poland cement as the main 

28 component of raw materials, which accounts for around 7% of global CO2 emissions [1]. In recent years, 

29 inorganic polymers, also called geopolymers, which are produced through the reaction of aluminosilicate 

30 source materials such as fly ash (FA) and ground granulated blast-furnace slag (GGBS) with alkaline 

31 activators, have attracted considerable attention [2]. Inorganic polymer concrete (IPC) is regarded as an 

32 innovative cement-free alternative to conventional Poland cement concrete (PCC) in the construction 

33 industry [3-5]. It is reported that IPC possesses comparable mechanical properties to PCC and superior 

34 resistance to corrosion, chemical attack, freeze-thaw cycles and fire with up to 80% less embodied energy 

35 and carbon footprint compared to PCC [6-9].

36 Corrosion of steel reinforcement is the main cause of deterioration of reinforced concrete (RC) 

37 structures. Many approaches have been proposed to mitigate the steel corrosion and improve the 

38 durability of RC structures, including the use of fibre reinforced polymer (FRP) bars as a substitute for 

39 internal steel reinforcement, which has recently emerged as an advance solution to the corrosion problem 

40 in RC structures [10, 11]. The most widely used FRP reinforcement in the construction industry is made 

41 from glass (GFRP), carbon (CFRP) and aramid (AFRP), among which GFRP and AFRP are sensitive to 

42 the alkaline environment within concrete due to the poor alkali resistance of fibres [12], while CFRP is 

43 still far too expensive for normal RC structures [2, 13]. More recently, basalt fibre reinforced polymer 

44 (BFRP) bars have been introduced to provide an alternative type of reinforcing material [14-16], which 

45 has a relatively lower cost with high accessibility and excellent resistance to acids, corrosion, high 

46 temperature, freeze-thaw cycles, vibration and impact loading [2, 17-20]. In addition, when under 

47 alkaline conditions, BFRP was found to perform better than GFRP and AFRP [21]. Therefore, BFRP has 

48 been considered as a promising substitution to conventional FRP reinforcing bars.

49  In the last few years, an increasing number of experimental efforts have been made to explore the 

50 mechanical behaviour of IPC elements reinforced with steel or conventional FRP bars and PCC elements 

51 reinforced with BFRP bars. In terms of the interactions between reinforcement and IPC, Castel and Foster 

52 [22] experimentally investigated the bond strength between steel bars and FA-based IPC, which was 

53 found to be 10% higher compared to steel reinforced PCC, while both specimens had a similar level of 

54 chemical adhesion on the steel surface. Moreover, it was reported that the bond strength of steel 

55 reinforced IPC after heat curing of 2 d was close to that of steel reinforced PCC after heat curing of 28 

56 d, indicating the suitability of IPC for precast applications [22]. IPC was also observed to have a similar 

57 or higher bond strength than the equivalent PCC system in other studies [23-25], which was attributed to 
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58 the higher splitting tensile strength of IPC compared to PCC [26]. With respect to BFRP reinforced 

59 concrete, the experimental studies on flexural and shear performance of concrete beams reinforced with 

60 BFRP bars indicated that BFRP reinforced concrete beams have a higher tensile strength than steel 

61 reinforced concrete beams, whereas the bond strength between the reinforcement and concrete is similar 

62 for both specimens [27, 28]. The shear capacity of general FRP reinforced concrete beam was found to 

63 be lower than that of steel reinforced concrete beam due to the lower axial stiffness of FRP reinforcement, 

64 which would cause an increase of diagonal cracks and thus impede the shear transfer through the 

65 aggregate interlock [29].

66 Considering the similar mechanical behaviour of steel reinforced IPC elements and BFRP reinforced 

67 normal concrete elements compared to conventional steel reinforced concrete elements, Fan and Zhang 

68 [2] recently proposed a new composite that combines IPC made of industrial by-products including FA 

69 and GGBS and BFRP bars to replace conventional steel reinforced concrete as a novel approach to 

70 improve the sustainability and durability of concrete infrastructure. A previous study [2] on the flexural 

71 behaviour of IPC beam reinforced with BFRP bars demonstrated that BFRP reinforced IPC beam and 

72 control steel reinforced concrete beam had similar development of cracking and crack patterns but 

73 different maximum crack width and load–displacement/strain response due to different mechanical 

74 performance of basalt and steel reinforcement. The mechanical behaviour of short IPC columns 

75 reinforced with BFRP bars under eccentric compression was investigated by Fan and Zhang [30], who 

76 observed that BFRP reinforced IPC columns had almost similar load–displacement/strain response up to 

77 final failure as the control steel reinforced concrete columns but an approximately 30% lower load 

78 carrying capacity than the control columns. Although the flexural behaviour and compressive behaviour 

79 of BFRP reinforced IPC beams and short columns respectively have been studied, to the best of the 

80 authors’ knowledge, the shear behaviour of BFRP reinforced IPC has not been addressed. It is vital to 

81 extensively explore the shear performance of structural elements made of this novel sustainable and 

82 durable reinforced concrete to prove the feasibility of using it for concrete infrastructure.

83 To main purpose of this study is to provide a comprehensive understanding of the shear behaviour of 

84 IPC beams reinforced with BFRP bars and stirrups. IPC was made of blended FA and GGBS and alkaline 

85 activator and cured at ambient temperature. Four-point bending tests on BFRP reinforced IPC beams 

86 with various stirrup spacing (S = 80, 100 and 150 mm) and shear span-to-depth ratio (λ = 1.5, 2.0 and 

87 2.5) were carried out to investigate the shear performance in terms of crack patterns, failure modes, load-

88 deflection, load-strain response and shear capacity. Afterwards, finite element simulations and theoretical 

89 calculations as per design provisions for FRP reinforced concrete elements were undertaken to predict 

90 the shear capacity of BFRP reinforced IPC beams, which was compared with experimental results to 
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91 validate numerical simulations and evaluate the applicability of existing design standards for BFRP 

92 reinforced IPC beams. Based on the analysis, the previsions were correspondingly modified to provide 

93 accurate predictions of shear performance and suitable design guidelines for BFRP reinforced IPC.

94 2. Experimental program

95 2.1. Materials

96 The IPC used in this study is a mixture of inorganic polymer binder, alkaline activator and fine and coarse 

97 aggregates. The inorganic polymer binder was a coalescence of low calcium (equivalent to ASTM class 

98 F) FA and class S95 GGBS with a mass ratio of 3:1. The chemical compositions of FA and GGBS are 

99 demonstrated in Table 1. The alkaline activator was prepared with solid sodium hydroxide (NaOH) and 

100 sodium silicate (Na2SiO3) solution, in which the NaOH powder was dissolved in water to obtain NaOH 

101 solution with a molarity of 10 M and the Na2SiO3 solution had a density of 1380 kg/m3 and SiO2/Na2O 

102 ratio of 2.0. The alkaline activator-to-binder ratio was 0.4. The medium-sized river sand with a fineness 

103 modulus of 2.75 and apparent density of 2725 kg/m3 was used as fine aggregate. The crushed stone with 

104 a particle size of 5-20 mm and apparent density of 2665 kg/m3 was used as coarse aggregate. The 

105 modified polycarboxylate-based superplasticizer (SP) was applied as the admixture to adjust the 

106 workability of mixture. Table 2 shows the mix proportion of IPC used in this study, which was obtained 

107 based on the previous research [31].

108 The mixing procedure of IPC is presented in Fig. 1. Inorganic polymer binder along with fine and 

109 coarse aggregates were firstly dry mixed for 2 min to ensure homogeneous dispersion. Then, the alkaline 

110 solution and SPs were added to the mixture and mixed for another 4 min. The fresh concrete was cast 

111 into moulds with two different sizes including 150 mm cube and 150 × 300 mm cylinder after mixing. 

112 The specimens were de-moulded after 24 h and then placed in a standard curing room for moist curing 

113 of 27 d. After curing, the compressive and splitting tensile strength tests were carried out on the cubic 

114 specimens in accordance with GB/T 50081-2019 [32]. The axial compressive strength and elastic 

115 modulus tests on the cylindrical specimens were also conducted. Three samples were used for each test 

116 to determine variation and the average values were obtained, which indicated that the designed IPC had 

117 a compressive strength and splitting tensile strength of 31.3 MPa and 2.26 MPa, respectively and an 

118 elastic modulus of 25.8 GPa.

119 Deep threaded BFRP bars with diameters of 10 mm and 16 mm were used as longitudinal 

120 reinforcement, while the closed stirrups with a diameter of 8 mm were used as transverse reinforcement. 

121 Fig. 2 illustrates the BFRP longitudinal bars and stirrups used in this study. To determine the tensile 

122 strength and elastic modulus of BFRP bars, 5 BFRP bars with a length of 1300 mm were prepared and 

123 tested based on the procedure provided by GB/T 30022-2013 [33]. To avoid the damage caused by 
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124 loading at the end of the bars, two steel tubes with a length of 400 mm were fixed at the two end 

125 anchorages of the tested bars by filling the tubes with two-component epoxy resin followed by curing of 

126 5 d. The front view of the tested specimen with steel tubes is demonstrated in Fig. 3. After curing, the 

127 uniaxial tensile tests were carried out using a servo-hydraulic testing machine (LFV-10000kN).

128 Fig. 4 shows the BFRP bars at different testing stages. The measured bottom diameters of BFRP bars 

129 were used for the calculation of mechanical properties since the bottom cross-section of the specimen 

130 was less affected by the thread pulled out than the middle cross-section. Fig. 5 displays the stress-strain 

131 curves of 10-mm BFRP bars as an example. The corresponding mechanical properties of BFRP bars with 

132 diameters of 8, 10 and 16 mm are obtained and presented in Table 3. According to the results of uniaxial 

133 tensile tests, there was a linear stress-strain relationship in terms of the tensile behaviour of BFRP bars 

134 up to failure. The fracture of fibres can be observed starting from the surface of specimens when 

135 increasing the load until the rupture of the bars, as shown in Fig. 4b and c. The BFRP bars were abruptly 

136 destructed without any obvious yielding point. The measured tensile strength and elastic modulus of the 

137 10 mm BFRP bars were 1275 MPa and 43.4 GPa, respectively. Compared to steel bars, BFRP bars are 

138 recognised as a reinforcement material with higher tensile strength, whereas the elastic modulus and 

139 ductility are relatively lower [14, 27, 30].

140 2.2. Specimen preparation

141 Fig. 6 illustrates the four-point bending test configuration and details of strain gauges on BFRP 

142 reinforcement and IPC. Five groups of IPC beams were prepared, and duplicate samples were tested for 

143 each of them (10 beams tested in total). The designed IPC beams were 120 mm in width and 200 mm in 

144 height, with a length of 2000 mm. The effective span and thickness of concrete cover were 1700 mm and 

145 15 mm, respectively. All the beams consisted of four longitudinal BFRP bars, in which two 10-mm bars 

146 were placed on the top and the other two 16 mm bars were at the bottom of the specimen. The framework 

147 of the designed BFRP reinforcement is shown in Fig. 6b.

148 In this study, the emphasis was placed on the influences of two parameters, i.e. stirrup spacing (S) 

149 and shear span-to-depth ratio (λ) on the shear behaviour of BFRP reinforced IPC beams, where λ is 

150 defined as the ratio of shear span to the effective height of the beam section. Here, the effective height 

151 of the beam section was set as 169 mm. Details of the BFRP reinforced IPC beam specimens are given 

152 in Table 4. Each specimen was identified by a code starting with “SB”. SB-1, SB-2 and SB-3 represent 

153 the specimens with a constant λ of 2.0 but various S of 80 mm, 100 mm and 150 mm respectively, which 

154 were used to investigate the influence of S. The specimens with a constant S of 100 mm but various λ of 

155 1.5, 2.0 and 2.5, i.e. SB-4, SB-2 and SB-5 were prepared and tested to estimate the influence of λ.
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156 2.3. Test setup and instrumentation

157 The load was applied to the specimens by means of a 50 t hydraulic machine in accordance with GB/T 

158 50152-2012 [34]. A spreader beam supported by two steel plates was placed on top of the specimen, 

159 which is simply supported and loaded in the four-point bending setup as shown in Fig. 6. To monitor the 

160 evolution of strain on BFRP bars during loading, the strain gauges were attached to the middle of 

161 longitudinal bars and stirrups, as more shear stress would be experienced at the specified positions within 

162 the shear span, and the obtained average values of strain were used for analysis and comparison. For 

163 concrete, the strain gauges were placed on the side-surface of the specimen to determine the strain on 

164 concrete between two loading points. The deflections of the specimen at midspan and two ends of the 

165 specimen were monitored using linear variable differential transformers (LVDT). In addition, the crack 

166 patterns of the specimens at different loading stages were recorded.

167 3. Experimental results and discussion

168 This section presents the shear behaviour of the designed BFRP reinforced IPC beams obtained from 

169 experiments in terms of crack patterns, failure modes, load-deflection response, load-strain response and 

170 shear capacity, based on which the effects of S and λ on shear performance of the designed specimens 

171 are estimated and discussed in detail.

172 3.1. Crack patterns and failure modes

173 Figs. 7-10 demonstrate the crack patterns and failure modes of the tested beams. Similar crack patterns 

174 can be found from SB-1 to SB-5. The initial crack was observed in the constant bending moment zone 

175 (i.e. pure bending zone) at a load ranging from 16 kN to 20 kN for all specimens. The experimental 

176 results of first crack load for all specimens are summarised in Table 5. A comparison between SB-2, 

177 SB-4 and SB-5 was made to investigate the effect of λ. The increase of λ from 1.5 to 2.5 causes a 

178 reduction of the first crack load by 25%, which implies that the first crack is initiated at a higher load 

179 level for specimens with a lower λ. In comparison with SB-5, SB-4 experiences a less significant moment, 

180 which can be attributed to the decrease of shear span that results in a smaller moment arm and bending 

181 moment in the pure bending zone. Therefore, a higher first crack load can be achieved in SB-4. This 

182 agrees well with the previous experimental findings for BFRP reinforced concrete beams that the first 

183 crack initiates at a higher load for beams with a lower λ [29]. Nevertheless, S has no noticeable influence 

184 on the first crack load of BFRP reinforced IPC, which is about 18 kN for all three groups, i.e. SB-1, SB-2 

185 and SB-3.

186 At the beginning, some flexural vertical cracks occur at the bottom of the beam aligning to the two 

187 loading points. The propagation of those vertical cracks is rapid and sudden with the energy released 

188 during crack growth. As the load increases, more vertical cracks are initiated within the constant bending 



8

189 moment region, which develop rapidly towards the neutral axis and concrete compression zone. The 

190 flexural-shear cracks, also known as the inclined cracks, are formed in the shear-span area of the beam 

191 and develop towards both loading and supporting points. These inclined cracks can be observed in all 

192 specimens (see Figs. 7 and 9). As further load is applied, the width of both vertical cracks in the pure 

193 bending zone and the inclined cracks in the shear-span area increases, while the inclined cracks have a 

194 higher increment in width than vertical cracks. To a certain loading level, the inclined cracks in the shear-

195 span area propagate through the beam with the rupture of the stirrups, as illustrated in Figs. 9 and 11.

196 According to the results, the failure modes of the tested BFRP reinforced IPC beams are close to the 

197 shear-compression failure, which is defined by the rupture of stirrups and crushing of concrete near the 

198 loading points (see Figs. 8 and 10). This is consistent with the previous study [29] that the BFRP 

199 reinforced concrete beams experienced shear-compression failure when λ was no more than 2.5, but 

200 experienced tension failure when λ was between 2.5 and 3.5.

201 3.2. Load-deflection response at midspan

202 Fig. 11 shows the load-deflection response at midspan. A summary of midspan deflection for all 

203 specimens is given in Table 5. It can be observed that the BFRP reinforced IPC beams exhibit a bilinear 

204 load-deflection behaviour. The curves can be divided into two regions, which stand for the loading stages 

205 before and after the occurrence of cracks. Initially, the linear segment is steep and almost identical for 

206 all beams prior to the flexural cracking. The flexure stiffness is nearly the same for all the specimens 

207 before cracking occurs, due to the contribution of the moment of inertia in the IPC section [35]. The 

208 second linear segment represents the cracking response with a decreased stiffness and increased 

209 deflection up to failure, which is experienced by all the specimens in the IPC section. This indicates that 

210 the moment of inertia in the IPC section is reduced due to the successive flexural and shear cracking. 

211 Therefore, the contribution of BFRP reinforcement tends to be more significant when the cracks initiate 

212 and propagate towards the neutral axis. Moreover, the second segment is linear until the failure load is 

213 achieved, which can be ascribed to the linear elastic properties of BFRP reinforcement, as shown in Fig. 

214 5 [36].

215 As seen in Fig. 11a, the overall loading-deflection response is relatively independent on S, with nearly 

216 the same tendency from SB-1 to SB-3, which means the change of S has a limited effect on the stiffness 

217 of BFRP reinforced IPC beam. Comparing SB-1 with SB-3, the midspan deflection is decreased by 

218 17.7%, which can be ascribed to the less contribution of stirrups to the bending moment as S increases 

219 from 80 to 150 mm. However, λ has a more significant influence on the load-deflection curves when S 

220 is kept constant in specimens SB-2, SB-4 and SB-5, as shown in Fig. 11b. It is depicted that as λ is 

221 increased from 1.5 to 2.5 with a constant S, the overall stiffness of BFRP reinforced IPC beam is reduced 
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222 by approximately 42.6%. This implies that the increase of λ can cause a less rigid body to carry the load. 

223 Furthermore, the midspan deflection is increased by about 25.1% with the increase of λ from 1.5 (SB-4) 

224 to 2.5 (SB-5), which can be attributed to the increase of bending moment that leads to a subsequent 

225 increase of deflection of the beam.

226 3.3. Load-strain response of inorganic polymer concrete

227 Fig. 12 shows the load-strain response of IPC with various values of S and λ. The corresponding shear, 

228 compressive and tensile strain are labelled as SB-1-S, SB-1-C, and SB-1-T, respectively. All the 

229 specimens have similar load-strain response in the IPC section. At the early stage of loading, the strain 

230 is very small due to the collaboration of IPC and BFRP reinforcement to carry the load and large initial 

231 stiffness of the BFRP reinforced IPC beams. In this stage, the changes of S and λ have a slight influence 

232 on the strain. As the load increases, the slope of the load-strain curve has a sharp change, implying that 

233 the initial cracking load is achieved. The strain then increases gradually with a less significant gradient 

234 as the load increases. Comparing the specimens with different S (Fig. 12a), the increase of S from 80 mm 

235 to 150 mm results in a steeper slope of the strain curves with an increase of the beam stiffness by about 

236 73%, which can be explained by the fact that the interaction between IPC and BFRP reinforcement for 

237 load bearing capacity is enhanced with the decrease of S. Subsequently, the deformation is reduced. 

238 Additionally, under the same applied load, the slope of the load-strain curve is reduced significantly with 

239 the strain increased from about 500 µε to 3000 µε when increasing λ from 1.5 to 2.5 (Fig. 12b). This 

240 suggests that a larger deformation is achieved when λ of the specimen is increased, resulting in a smaller 

241 stiffness, which can be explained by the fact that the increase of λ can lead to an increasing amount of 

242 reinforcement within the shear-span area, which contributes to a declined stiffness in the IPC section.

243 As the load increases, the shear cracks initiate and propagate with rapid increase in crack width, which 

244 results in a significant increase of strain, followed by the failure of strain gauges. It can be observed from 

245 Fig. 12 that there is a sudden jump of the strain towards the end of the load-strain curve corresponding 

246 to the deformation after failure. In addition, the obtained load-strain response is consistent with the 

247 previous results of failure mode and crack patterns that the increase of λ can negatively affect the shear 

248 behaviour of BFRP reinforced IPC beams in terms of first crack load and ultimate shear load, which are 

249 decreased by 20% and 29.4%, respectively with increasing λ from 1.5 (SB-4) to 2.5 (SB-5), as seen in 

250 Table 5.

251 3.4. Load-strain response of BFRP longitudinal bars and stirrups

252 Fig. 13 shows the load-strain response of BFRP longitudinal bars. Before cracking, BFRP bars have 

253 similar unremarkable strain with the IPC section. The slope of the load-strain curve becomes gradually 

254 steadier when the applied load exceeds the first crack load. The increase of S results in a slight increase 
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255 of the strain of longitudinal bars (see Fig. 13a). When the load reaches 80 kN, the strain is increased by 

256 approximately 9.5% with increasing S from 80 mm (SB-1) to 150 mm (SB-3), which reveals that S has 

257 an insignificant influence on the load-strain response of BFRP longitudinal bars. This result is consistent 

258 with the load-deflection curves shown in Fig. 11, which can be ascribed to the force transferred from IPC 

259 to longitudinal bars after cracking, whereas the stirrups as transverse reinforcement contribute less 

260 conspicuously to carry longitudinal force. However, with respect to λ, there is a more prominent effect 

261 on the load-strain response compared to S. As seen in Fig. 13b, the strain is increased by around 57.1% 

262 when λ increases from 1.5 (SB-4) to 2.5 (SB-5) at the loading of 80 kN. This agrees well with the findings 

263 shown in Fig. 12 that under the same load levels, the increase of λ can lead to an increase of strain in 

264 both IPC section and BFRP reinforcement.

265 Fig. 14 illustrates the load-strain response of the BFRP stirrups at different locations between the 

266 loading point and end of the beam, which can be divided into two linear stages. In the beginning, the 

267 strain of stirrups for all the specimens is lower than 100 µɛ and increases slowly with the applied load. 

268 Once the cracks are initiated and propagate to reach the stirrups, the strain of stirrups has a sudden 

269 increase towards 3000 µɛ when the applied load is close to the ultimate load. The increase of S results in 

270 the decreased number of stirrups to carry the load according to Fig. 14a. From SB-1 to SB-3, the number 

271 of stirrups that contributes to the shear capacity is reduced from 4 to 2 and thus the average strain of 

272 stirrups is decreased under the same load. Conversely, the increase of S and λ can result in an increase of 

273 the average strain of stirrups, which can be explained by the fact that more stirrups participate in carrying 

274 the applied load (Fig 14b).

275 3.5. Shear capacity

276 Fig. 15 shows the shear capacity of BFRP reinforced IPC beams against S and λ. The corresponding 

277 values are summarised in Table 5. There is a decreasing trend of the ultimate shear strength with the 

278 increase of both S and λ. The shear strength is reduced by 6.6% and 15% when S is increased from 80 

279 mm to 100 mm and 150 mm, respectively. This is because the BFRP reinforcement with a smaller S can 

280 lead to an increasing number of stirrups that contributes to the shear resistance. Herein, the evolution of 

281 cracks can be restrained to a certain extent, while the IPC section after cracking can still bear the load. 

282 In addition, the BFRP stirrups together with the BFRP longitudinal bars act as hoops to restrict the 

283 concrete, which also helps increase the shear capacity of the tested specimens. On the other side, the 

284 ultimate shear strength is decreased by 3.9% and 29.4% when λ is increased from 1.5 to 2.0 and 2.5, 

285 respectively. As seen in Fig. 9, the increase of λ results in a decrease of the angle of critical shear cracks 

286 and therefore the load-bearing capacity of the corresponding IPC section is reduced as well as the shear 

287 capacity.
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288 3.6. Comparison between experimental and predicted shear strength

289 The design previsions for shear behaviour of normal FRP reinforced concrete are adopted in this study. 

290 The ultimate shear strength of BFRP reinforced beams predicted using the previsions of ACI 440.1R-06 

291 [37], CAN/CSA S802-12 [38], JSCE-97 [39] and GB50608-2010 [40] is compared with the experimental 

292 results. The corresponding equations for calculating the shear capacity are given in Appendix. It is worth 

293 noting that these equations are developed based on the experimental results of GFRP, CFRP and AFRP 

294 reinforced concrete beams [29]. To investigate the feasibility of using these shear design previsions for 

295 BFRP reinforced concrete beams, the predicted results are calculated and summarised in Table 6.

296 In these previsions, it is defined that the shear resistance (V) of a beam with stirrup bars consists of 

297 the contributions of stirrups (Vf) and concrete (Vc):

298                  (1)𝑉 = 𝑉𝑐 + 𝑉𝑓

299 Based on the calculation of Vc and Vf, the predicted shear strength of the specimen (Vp) can be 

300 determined, which is presented together with the experimental shear strength (Vexp) in Table 6. In addition, 

301 Vexp /Vp is obtained to quantify the discrepancy between the theoretical predictions and experimental 

302 results. In general, for all the previsions, the shear capacity of specimens with higher λ can be better 

303 predicted compared to that with higher S. It can be observed that the predicted results of SB-5 are the 

304 closest values to 1, which is consistent with the previous study [29] that the predicted shear capacity of 

305 FRP reinforced concrete beams with higher λ is relatively close to the experimental results.

306 It is noted that almost all the values of Vexp /Vp are larger than 1, indicating that the predicted shear 

307 strength using these previsions is underestimated compared to the experimental results. Among all the 

308 previsions, JSCE-97 provides the most conservative predictions, with the highest average value of Vexp 

309 /Vp of 2.94 and the largest standard deviation of 0.39, which suggests that it might not be suitable for the 

310 prediction of shear performance of BFRP reinforced IPC beams. The average value of Vexp /Vp for CSA 

311 is the lowest (i.e. 1.3), demonstrating that it is the closest prediction to the experimental results.

312 4. Finite element simulations

313 According to the predicted results, the average values of Vexp /Vp range from 1.3 to 2.94, which implies a 

314 comparative discrepancy between Vexp and Vp of more than 30%. Here, the finite element simulations 

315 were performed to determine the shear capacity and evaluate the possibility of modifying and improving 

316 the above-mentioned previsions, and thus propose a modified equation for the shear capacity design of 

317 BFRP reinforced concrete beams. To simulate the shear behaviour of BFRP reinforced IPC beams 

318 accurately under four-point bending considering various S and λ, the IPC, BFRP longitudinal bars and 

319 BFRP stirrups should be properly modelled. The inputs including element types, mesh size, material 

320 properties of the IPC and BFRP reinforcement, and boundary and loading conditions were set up. The 
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321 finite element analysis was carried out using ABAQUS, where the 3D 8-node linear iso-parametric 

322 element (C3D8) that is suitable for brittle materials was applied to model IPC, while the 3D 2-node linear 

323 displacement truss element (T3D2) was used to simulate BFRP reinforcement. According to the material 

324 properties of IPC, the concrete damage plasticity (CDP) model was chosen to simulate the concrete 

325 behaviour under loading. The multi-nonlinear isotropic stress-strain curve of concrete was adopted (see 

326 Fig. 16a), which can be described as follows:

327      (2){𝑦 = 𝑎𝑥 + (3 ― 2𝑎)𝑥2 + (𝑎 ― 2)𝑥3      (0 ≤ 𝑥 ≤ 1)
𝑦 =

𝑥
𝑏(𝑥 ― 1)2 + 𝑥                                (𝑥 ≥ 1)

328 where , ,  is the strain at ultimate load, and  is the ultimate load.𝑥 = 𝜀/𝜀0 𝑦 = 𝜎/𝑓𝑐 𝜀0 𝑓𝑐

329 A linear elastic stress-strain relation (Fig. 16b) is applied for BFRP longitudinal bars and stirrups [2], 

330 which can be described as:

331                  (3){𝜎 = 𝐸𝑓𝜀      (𝜀 ≤ 𝜀𝑓)
𝜎 = 0          (𝜀 > 𝜀𝑓)

332 where  denotes the elastic modulus of BFRP reinforcement, and  is its ultimate strain.𝐸𝑓 𝜀𝑓

333 Rigid bearing blocks are located at the supporting and loading points to avoid non-convergence 

334 problems, and the binding constrain is applied between these blocks and the concrete elements. The load 

335 is applied in the middle of the relevant rigid bearing blocks. The BFRP reinforcing bars and stirrups are 

336 embedded in IPC. The finite element model of IPC beam reinforced with BFRP bars and stirrups is 

337 demonstrated in Fig. 17.

338 To verify the finite element model, the simulation results are compared with the experimental data in 

339 terms of the load-deflection curves, ultimate load, mid-span deflection at failure, crack evolution and 

340 failure pattern. Fig. 18 shows a comparison between the simulated concrete damage patterns and 

341 measured crack patterns (SB-2 is chosen as an example). It can be observed that the positions of two 

342 major cracks obtained from simulation and experiments are similar, while the evolution of multiple 

343 cracks detected from experiments is more prominently (Fig 18c). This indicates the damage of concrete 

344 obtained from the CDP model is in the shear-span area with the development of shear-compression cracks, 

345 which is in good agreement with the experimental results presented in Fig. 18b-c. The simulated and 

346 measured ultimate load (Vs and Vexp) are summarised in Table 6. It can be found that the Vexp /Vs is in the 

347 range of 0.83 to 0.99 with a discrepancy of less than 5% for all the specimens except SB-4, which 

348 suggests that the used finite element model can predict the shear capacity of BFRP reinforced IPC beams 

349 with high accuracy. Fig. 19 displays a comparison between the simulated and experimental load-

350 deflection curves of BFRP reinforced IPC beams at midspan. Although the simulated midspan deflection 
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351 at different loading stages is higher than the measured data, with a maximum discrepancy of 

352 approximately 20%, similar tendencies can be observed for both curves, which show two linear segments 

353 with a decreased gradient as the load increases.

354 5. Predictions of shear capacity using the modified equations

355 In order to provide a more accurate design guideline for BFRP reinforced IPC beams, the existing 

356 previsions for conventional FRP reinforced concrete beams can be further modified based on the 

357 simulation results. Here, the equations in GB 50608-2010 [40] were chosen for modification. The 

358 experimental results reveal that λ has a dominant influence on the shear resistance of BFRP reinforced 

359 IPC beams. However, according to the calculation (see Appendix), λ was not included in those equation, 

360 which means the influence of λ was not taken into account when considering the contribution of the IPC 

361 section to the shear resistance of the specimens. To address this drawback, a coefficient related to λ was 

362 introduced and incorporated into Eq. (38) to modify the shear strength of concrete, which can be 

363 expressed as follows:

364      (4)𝑉𝑐 = 0.86𝛼𝑓𝑡𝑏𝑤𝑘ℎ𝑜𝑓

365        (5)𝛼 =
1

𝐴𝜆 + 𝐵

366 where  represents the coefficient considering the influence of λ.𝛼

367 According to the previous comparison, the finite element model can effectively simulate the shear 

368 capacity of the designed specimens with λ ranging from 1.5 to 2.5. Here, to further investigate the 

369 influence of λ, a wider range of λ is considered. The specimens with a range of λ from 0.8 to 3.8 are 

370 numerically studied and the corresponding simulation results are reported in Table 7. The relationship 

371 between λ and α is plotted in Fig. 20. The slope of the curve is increased with the increase of λ, which 

372 can be observed from the three segments with linear fitting curves in Fig. 20. In accordance with these 

373 fitting lines, the coefficient α can be described as a function of λ below:

374   (λ≤2.0)𝛼 = 1/(0.15𝜆 ― 0.05)

375   (2.0<λ<3.0)                  (6)𝛼 = 1/(0.44𝜆 ― 0.63)

376   (λ≥3.0)                                           𝛼 = 1/(0.63𝜆 ― 0.118)

377 Then, the contribution of concrete to the overall shear resistance in Eq. (4) can be rewritten as:

378   (λ≤2.0) 𝑉𝑐 =
86

15𝜆 ― 5𝑓𝑡𝑏𝑤𝑘ℎ𝑜𝑓

379   (2.0<λ<3.0)                  (7)𝑉𝑐 =
86

44𝜆 ― 63𝑓𝑡𝑏𝑤𝑘ℎ𝑜𝑓

380   (λ≥3.0)𝑉𝑐 =
86

63𝜆 ― 118𝑓𝑡𝑏𝑤𝑘ℎ𝑜𝑓

381 Thus, according to Eqs. (1), (7) and (41), the shear resistance of the designed BFRP reinforced IPC 
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382 beams can be determined as follows:

383           (λ≤2.0)𝑉 =
86

15𝜆 ― 5𝑓𝑡𝑏𝑤𝑘ℎ𝑜𝑓 +
𝐴𝑓𝑣𝑓𝑓𝑣ℎ𝑜𝑓

𝑆

384           (2.0<λ<3.0)                  (8)𝑉 =
86

44𝜆 ― 63𝑓𝑡𝑏𝑤𝑘ℎ𝑜𝑓 +
𝐴𝑓𝑣𝑓𝑓𝑣ℎ𝑜𝑓

𝑆

385           (λ≥3.0)𝑉 =
86

63𝜆 ― 118𝑓𝑡𝑏𝑤𝑘ℎ𝑜𝑓 +
𝐴𝑓𝑣𝑓𝑓𝑣ℎ𝑜𝑓

𝑆

386                  (9)𝑓𝑓𝑣 = 𝑚𝑖𝑛 {0.003𝐸𝑓,𝜑𝑏𝑒𝑛𝑑𝑓𝑓𝑑}

387 The final shear capacity calculated using the original GB 50608-2010 [40] and the modified equations 

388 are plotted together with the experimental results in Fig. 21. It can be observed that the calculated shear 

389 capacity after the modification is very close to the experimental results with an average ratio of 0.95. 

390 Comparing the predicted results using the equations without and with modification, the accuracy was 

391 increased by approximately 30%, which indicates that it is important to consider the effect of λ when 

392 predicting the shear performance of BFRP reinforced IPC beams. The accuracy of the predicted results 

393 is effectively improved using the modified GB 50608-2010 [40].

394 6. Conclusions

395 In this study, the shear behaviour of inorganic polymer concrete (IPC) beams reinforced with BFRP bars 

396 and stirrups was investigated considering the effects of stirrup spacing (S) and shear span-to-depth ratio 

397 (λ). A comparison between experimental data and finite element simulation results and predictions based 

398 on the theoretical previsions was carried out. The main conclusions can be drawn as follows:

399  BFRP reinforced IPC beams demonstrate a shear-compression failure mode with the crush of 

400 concrete and rupture of stirrups at the shear-span area. The cracks propagate rapidly after the initiation 

401 due to the low elastic modulus of BFRP reinforcement.

402  There exhibits a positive linear relationship between the applied load and the midspan deflection of 

403 the specimens. The increase of S from 80 mm to 150 mm has an almost negligible effect on the 

404 flexural stiffness of beams, whereas the increase of λ from 1.5 to 2.5 results in an approximately 42.6% 

405 decrease of the beam stiffness. This suggests that λ has a more pronounced effect on the load-

406 deflection response of BFRP reinforced IPC beam specimens. Compared to S, λ shows a more 

407 significant influence on the ultimate load of the specimens, which is decreased by 29% with the 

408 increase of λ from 1.5 to 2.5.

409  The load-strain response of BFRP reinforced IPC beams indicates that the increase of S leads to a 

410 decrease of strain while the relationship is inversed when increasing λ. Regarding the longitudinal 

411 BFRP bars, the increase of S and λ results in the growth of their strain by around 9.5% and 57.1%, 

412 respectively at the loading level of 80 kN. Moreover, the load-strain curve of stirrups shows that 
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413 fewer stirrups contribute to carrying the applied load when increasing S.

414  The predicted results determined using the theoretical previsions and the finite element simulation 

415 results obtained using concrete damage plasticity model were compared with experimental data, 

416 which reveals that the simulation results are in good agreement with experimental data with 

417 discrepancies of less than 5%. The equations in GB 50608-2010 [40] were modified by incorporating 

418 a coefficient factor α related to λ and then used to predict the shear performance of BFRP reinforced 

419 IPC beams, which provides an approximately 30% more accurate predictions compared to the original 

420 equations. The theoretical predictions using the modified equations agree well with experimental data.

421 BFRP reinforced IPC is a new composite as a promising alternative to conventional reinforced 

422 concrete for structural applications. It is vital to investigate the bond behaviour between IPC and 

423 BFRP reinforcement in order to gain a comprehensive understanding of the mechanical behaviour of 

424 BFRP reinforced IPC elements under different loading conditions. This is the subject of ongoing 

425 research, the results of which will be presented in future publications.
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431 Appendix: shear design previsions

432 ACI 440.1R-06

433 According to ACI 440.1R-06, the shear strength of concrete can be calculated as follows:

434                              (10)𝑉𝑐 =
2
5 𝑓′𝑐𝑏𝑤𝑐

435                            (11)𝑐 = 𝑘𝑑

436                             (12)𝑘 = 2𝜌𝑓𝑛𝑓 + (𝜌𝑓𝑛𝑓)2 ― 𝜌𝑓𝑛𝑓

437                            (13)𝜌𝑓 = 𝐴𝑓/𝑏𝑤𝑑

438                            (14)𝑛𝑓 =
𝐸𝑓

𝐸𝑐

439 where  is reinforcement ratio, and  is modular ratio.𝜌𝑓 𝑛𝑓

440 As per ACI 440.1R-06, the shear strength of FRP stirrups can be calculated as follows:

441                (15)𝑉𝑓 =
𝐴𝑓𝑣𝑓𝑓𝑣𝑑

𝑠

442                (16)𝑓𝑓𝑣 = 0.004𝐸𝑓 ≤ 𝑓𝑓𝑏

443                (17)𝑓𝑓𝑏 = (0.05
𝑟𝑏

𝑑𝑏
+0.3)𝑓𝑓𝑢 ≤ 𝑓𝑓𝑢
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444 CSA S806-12

445 According to CSA S806-12, the shear strength of concrete can be calculated as follows:

446                                                                                                 (18)𝑉𝑐 = 0.05𝜆′𝜑𝑐𝑘𝑚𝑘𝑟𝑘𝑎𝑘𝑠(𝑓′𝑐)
1
3𝑏𝑤𝑑𝑣

447                            (19)𝑘𝑚 =
𝑣𝑓𝑑
𝑀𝑓

≤ 1.0

448                (20)𝑘𝑟 = 1 + (𝐸𝑓𝜌𝑓)
1
3

449                            (21)1.0 ≤ 𝑘𝑎 =
2.5
𝑀𝑓
𝑉𝑓𝑑

≤ 2.5

450                                                                                                                              (22)𝑘𝑠 =
750

450 + 𝑑 ≤ 1.0

451                   (23)𝑑𝑣 = 𝑚𝑎𝑥 (0.9𝑑,0.72ℎ)

452                (24)0.11𝜑𝑐 𝑓′𝑐𝑏𝑤𝑑𝑣 ≤ 𝑉𝑐 ≤ 0.22𝜑𝑐 𝑓′𝑐𝑏𝑤𝑑𝑣

453 The shear strength provided by stirrups can be calculated as follows:

454                            (25)𝑉𝑓 =
0.4𝜑𝑓𝐴𝑓𝑣𝑓𝑓𝑢𝑑𝑣

𝑠 𝑐𝑜𝑡 𝜃

455                (26)𝜃 = 30𝜊 +7000𝜀𝑙 ≤ 60𝜊

456                (27)𝑓𝑓𝑢 ≤ 0.005𝐸𝑓

457 The strength of stirrups equals to .𝑚𝑖𝑛 (0.005𝐸𝑓,0.4𝑓𝑓𝑢)

458 JSCE-97

459 According to JSCE-97, the shear strength of concrete can be obtained as follows:

460    (28)𝑉𝑐 = 𝛽𝑑 ⋅ 𝛽𝑝 ⋅ 𝛽𝑛 ⋅ 𝑓𝑣𝑐𝑑 ⋅ 𝑏𝑤 ⋅ 𝑑/𝛾𝑏

461                (29)𝑓𝑣𝑐𝑑 = 0.23 𝑓′𝑐𝑑 ≤ 0.72𝑀𝑃𝑎

462                (30)𝛽𝑑 = 4 1/𝑑 ≤ 1.5

463                (31)𝛽𝑝 = 3 100𝜌𝑓𝐸𝑓/𝐸0 ≤ 1.5

464  (no axial force)                (32)𝛽𝑛 = 1.0

465 The shear strength of stirrups is determined by:

466                                             (33)𝑉𝑓 = [𝐴𝑓𝑣𝐸𝑓𝑣𝜀𝑓𝑤𝑑(𝑠𝑖𝑛𝛼𝑠 + 𝑐𝑜𝑠𝛼𝑠 )
𝑠 ]𝑧/𝛾𝑏

467                (34)𝜀𝑓𝑤𝑑 = 𝑓′𝑚𝑐𝑑
𝜌𝑤𝐸𝑓𝑢

𝜌𝑤𝑒𝑏𝐸𝑤[1 + 2(
𝜎′𝑁

𝑓′𝑚𝑐𝑑
)] × 10 ―4 ≤ 𝑓𝑓𝑏𝑑/𝐸𝑤

468                (35)𝑓𝑓𝑏𝑑 = (0.05
𝑟

𝑑𝑏
+0.3)𝑓𝑓𝑢/𝛾𝑚𝑓𝑏

469                (36)𝑓′𝑚𝑐𝑑 = (
ℎ

300) ―1/10 ⋅ 𝑓′𝑐𝑑

470                (37)𝜎′𝑁 = (𝑁′𝑑 + 𝑃𝑒𝑑)/𝐴𝑔 ≤ 0.4𝑓′𝑚𝑐𝑑
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471 GB 50608-2010

472 The shear strength of concrete can be calculated according to GB 50608-2010 as:

473                (38)𝑉𝑐 = 0.86𝑓𝑡𝑏𝑤𝑘ℎ𝑜𝑓

474                            (39)𝑘 = 2𝜌𝑓𝛼𝑓 + (𝜌𝑓𝛼𝑓)2 ― 𝜌𝑓𝛼𝑓

475                (40)𝜌𝑓 = 𝐴𝑓/𝑏𝑤ℎ𝑜𝑓

476 The shear strength of stirrups can be calculated as follows:

477                (41)𝑉𝑓 =
𝐴𝑓𝑣𝑓𝑓𝑣ℎ𝑜𝑓

𝑠

478                (42)𝐴𝑓𝑣 = 𝑛𝐴𝑓𝑣1

479                (43)𝑓𝑓𝑣 = 𝑚𝑖𝑛 {0.004𝐸𝑓,𝜑𝑏𝑒𝑛𝑑𝑓𝑓𝑑}

480                                                                                                                   (44) 𝜑𝑏𝑒𝑛𝑑 = (0.3 + 0.05
𝑟𝑣

𝑑𝑣
)
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582 Fig. 2. BFRP longitudinal bars and stirrups.
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588
589 Fig. 3. Dimensions of the tested BFRP bar specimen with steel tubes.
590
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592                 

593 Fig. 4. BFRP bar under uniaxial tension: (a) before, (b) during, and (c) after the test.
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598 Fig. 5. Stress-strain response of 10-mm BFRP bars under uniaxial tension.
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603
604

605
606 Fig. 6. Four-point bending configuration and details of strain gauges on BFRP reinforcement and 
607 concrete (dimensions in mm).
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618

619
620 Fig. 7. Crack patterns of BFRP reinforced IPC beams (λ=2.0) with different stirrup spacings (S = 
621 80, 100, 150 mm) at failure.
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637
638 Fig. 8. Failure modes of BFRP reinforced IPC beams (λ=2.0) with different stirrup spacings (S = 
639 80, 100, 150 mm).
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647

648

649
650 Fig. 9. Crack patterns of BFRP reinforced IPC beams (S=100 mm) with different span-to-depth 
651 ratios (λ=1.5, 2.0, 2.5) at failure.
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667
668 Fig. 10. Failure modes of BFRP reinforced IPC beams (S=100 mm) with different span-to-depth 
669 ratios (λ=1.5, 2.0, 2.5).
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676 Fig. 11. Load-deflection response of BFRP reinforced IPC beams at midspan regarding the effect 
677 of: (a) stirrup spacing (S); (b) span-to-depth ratio (λ).
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687 Fig. 12. Load-strain response of concrete at the shear-span area regarding the effect of: (a) stirrup 
688 spacing (S); (b) span-to-depth ratio (λ).
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698 Fig. 13. Load-strain response of longitudinal BFRP bars regarding the effect of: (a) stirrup spacing 
699 (S); (b) span-to-depth ratio (λ).
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708 Fig. 14. Load-strain response of BFRP stirrups regarding the effect of: (a) stirrup spacing (S); (b) 
709 span-to-depth ratio (λ). (G1, G2, G3 and G4 denote the stirrups located from the end of the beams 
710 towards the loading point, respectively).
711

712

713

714

SB-1 SB-2 SB-3 SB-4 SB-2 SB-5
0

20

40

60

80

100

120

(=2.5)(=2.0)(=1.5)(S=150 mm)(S=100 mm)(S=80 mm)

U
lti

m
at

e 
st

re
ng

th
 (M

Pa
)

Specimen

Stirrup spacing (S) Span-to-depth ratio ()

715 Fig. 15. Effects of stirrup spacing (S) and span-to-depth ratio (λ) on ultimate shear capacity of 
716 BFRP reinforced IPC beams.
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722

723
724 Fig. 16. Schematic diagram of stress-strain relationship of (a) IPC; and (b) BFRP bars.
725

726

727 Fig. 17. Finite element model of IPC beam reinforced with BFRP bars and stirrups.
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734

735 (a) deflection of the beam
736

737
738 (b) concrete damage

739
740 (c) crack pattern of the beam (experiment)
741 Fig. 18. Finite element simulation results in terms of deflection and cracking of SB-2 compared to 
742 experimental data.
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750 Fig. 19. Comparison of experimental and simulation results in terms of load-deflection curves of 
751 the beams at midspan.
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763 Fig. 21. Comparison between the results of Vexp /Vp before and after modification.
764 Table 1. Chemical compositions (wt%) of FA and GGBS.
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Oxide SiO2 Al2O3 CaO Fe2O3 MgO SO3 LOI
FA 51.49 24.36 9.8 5.49 1.2 2.14 2.34
GGB

S 35.37 15.74 36.71 0.30 7.62 2.24 2.02

765 Note: FA (fly ash); GGBS (ground granulated blast-furnace slag); LOI (loss on ignition).
766
767
768
769
770 Table 2. Mix proportion of inorganic polymer concrete (IPC) (kg/m3).

FA GGBS SH SS SPs Sand Crushed stone

300.00 100.00 53.33 106.67 4.00 649.90 1206.96
771 Note: SS (sodium silicate); SH (sodium hydroxide); SPs (superplasticizers).
772
773
774
775
776 Table 3. Mechanical properties of BFRP reinforcement.

Designated 
diameter (mm)

Minor diameter 
(mm)

Ultimate tensile 
strength ffu (MPa)

Elastic modulus 
Ef (GPa)

8 7.6 1293 50.6
10 8.8 1275 43.4
16 14.08 1212 44.2

777
778
779
780
781 Table 4. Details of BFRP reinforced IPC beam specimens.

Be
am

Widt
h b (mm)

Dept
h d (mm)

Top 
longitudinal

bar

Bottom 
longitudinal bar Stirrup a/d

SB
-1 120 200 2Φ10 2Φ16 8@80 2.0

SB
-2 120 200 2Φ10 2Φ16 8@100 2.0

SB
-3 120 200 2Φ10 2Φ16 8@150 2.0

SB
-4 120 200 2Φ10 2Φ16 8@100 1.5

SB
-5 120 200 2Φ10 2Φ16 8@100 2.5

782

783

784
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785

786

787 Table 5. Experimental results of the tested BFRP reinforced IPC beams.

First crack load (kN) Ultimate shear load (kN) Midspan deflection (mm)B
eam Speci

men #1
Speci

men #2
M

ean
Speci

men #1
Speci

men #2
Me

an
Speci

men #1
Speci

men #2
Me

an
S

B-1 16 20 18 111.4
4

120.2
3

115
.84 22.65 22.76 22.

71
S

B-2 20 16 18 108.4
3

107.9
7

108
.20 20.04 21.61 20.

83
S

B-3 16 16 18 94.57 102.1
4

98.
35 17.66 19.72 18.

69
S

B-4 20 20 20 120.1
3

104.9
7

112
.55 17.69 13.81 15.

75
S

B-5 16 16 16 - 79.44 79.
44 - 19.71 19.

71
788
789
790 Table 6. Comparison of predicted (Vp), simulated (Vs) and experimental (Vexp) ultimate shear 
791 capacities.

792
793
794 Table 7. Comparison of simulated results (Vs) and predictions (Vp) according to GB 50608-2010 [40].

Beam λ = a/d Vs (kN) Vf (kN) Vc (kN)
1
𝛼 =

𝑉𝑐

𝑉𝑠 ― 𝑉𝑓

SBS-1 0.8 277.56 46.52 16.16 0.07
SBS-2 1.0 210.47 46.52 16.16 0.10
SBS-3 1.2 158.10 46.52 16.16 0.14
SBS-4 1.5 134.94 46.52 16.16 0.18
SBS-5 1.8 120.42 46.52 16.16 0.22
SBS-6 2.0 112.20 46.52 16.16 0.25
SBS-7 2.2 96.82 46.52 16.16 0.32

ACI 440.1R-06 CSA S806-12 JSCE-97 GB50608-2010 FE simulation
Beam Vexp 

(kN) Vp 
(kN)

Vexp 
/Vp

Vp 
(kN)

Vexp 
/Vp

Vp 
(kN)

Vexp 
/Vp

Vp 
(kN)

Vexp 
/Vp

Vs 
(kN)

Vexp 
/Vs

SB-1 115.84 94.88 1.22 99.32 1.17 36.24 3.20 93.70 1.24 117.82 0.98
SB-2 108.20 79.38 1.36 81.87 1.32 35.12 3.08 78.20 1.38 112.20 0.96
SB-3 98.35 58.7 1.68 58.60 1.68 33.36 2.95 57.52 1.71 98.93 0.99
SB-4 112.55 79.38 1.42 83.83 1.34 35.12 3.20 78.20 1.44 134.94 0.83
SB-5 79.44 79.38 1.00 81.87 0.97 35.12 2.26 78.20 1.02 81.28 0.98
Mean - - 1.34 - 1.3 - 2.94 - 1.36 - 0.95
SD - - 0.25 - 0.26 - 0.39 - 0.26 - 0.07



37

SBS-8 2.5 81.28 46.52 16.16 0.46
SBS-9 2.8 75.18 46.52 16.16 0.56
SBS-10 3.0 69.75 46.52 16.16 0.70
SBS-11 3.2 65.39 46.52 16.16 0.86
SBS-12 3.5 61.85 46.52 16.16 1.05
SBS-13 3.8 59.84 46.52 16.16 1.21795
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