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24 Hysteretic behaviour of steel fibre RC coupled shear walls under cyclic 

25 loads: experimental study and modelling

26

27

28 Abstract

29 This paper presents the hysteretic behaviour of three 1/3-scale three-storey steel fibre reinforced 

30 concrete (SFRC) coupled shear walls (CSWs) under cyclic loads. The deformation, ductility, energy 

31 dissipation, stiffness and crack propagation of the specimens are also discussed and analysed. The 

32 results show steel fibre improves the ductility and energy dissipation capacity, and restrains the crack 

33 propagation of the CSWs, and delays the degradation of their lateral stiffness and force. Based on the 

34 experiments, a simple trilinear model is developed to simulate the skeleton curve of lateral force-

35 displacement of the SFRC CSWs. Through analysing several typical cycles of the hysteretic of these 

36 CSWs, the feature points of the proposed hysteretic model are defined which subsequently is used to 

37 evaluate the complete hysteretic behaviour of the CSWs. Using existing experimental data and this 

38 study, several representative experimental hysteretic cycles are compared with the proposed model. 

39 The result indicates a good agreement is reached between the model and experimental results. 

40

41 Keywords: Steel fibre reinforced concrete; Coupled shear wall; Skeleton curve; Hysteretic model; 

42 Seismic assessment; 

43

44 1. Introduction

45 Reinforced concrete (RC) coupled shear walls (CSWs) are widely applied in high-rise and multi-

46 storey building systems to provide an effective resistance to horizontal loads such as wind or seismic 

47 effects. Fig.1 shows the seismic effects and design method of RC coupled shear wall systems. With 

48 the demand of high-rise and multi-storey buildings, it is very significant and necessary to guarantee 
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49 that this kind of support elements in building structures can effectively withstand earthquakes without 

50 collapses or unrepairable damages. In order to accomplish this goal, RC CSWs usually are designed to 

51 possess high lateral resistance strength, excellent deformation, high energy dissipation capacity and 

52 stable degradation of post-peak stiffness which all can provide a good control to the horizontal 

53 displacement or storey drift of the structures.

54

55 A number of experimental studies and numerical analyses have been conducted on RC CSWs in the 

56 past four decades (Paulay and Binney 1974; Chaallal and Ghlamallah 1996; Chaallal et al. 1996a; 

57 Kuang et al. 1999; Aksogan et al. 2003; Lu and Chen 2005). Based on these studies, several basic 

58 design rules, calculation methods, and analytic models had been established. The studies also had 

59 mentioned one important fact that the behaviour of coupling systems (mainly coupling beam) greatly 

60 affects the structural behaviour of the RC CSWs subjected to seismic effects. These coupling elements 

61 usually connect two shear walls in series to transfer the vertical force to get better-distributed load and 

62 meet the deformation demands of the structures. This is different with the ones in cantilever shear 

63 wall, in which the stiffness, strength, ductility, and dissipating energy of the entire structural system 

64 are wholly contingent on the response of the plastic hinge region of the structures. Therefore, the 

65 behaviour of coupling beams is very important to the behaviour of CSW system for the elements can 

66 distribute effectively the external load effects, rather concentrate the effects on the plastic hinge 

67 region of shear walls. However, RC beams is expected to possess stable hysteretic response under 

68 reversed loads, a sufficient confinement of concrete in coupling beam and an anchorage of the 

69 reinforcements in shear walls should be provided. This often leads to the fact that the coupling beams 

70 are designed as a deep beam with heavy reinforcements increasing construction cost and cast 

71 inconvenience. In order to improve the resistance behaviour of coupling beams (CBs), many types of 

72 CBs have been proposed such as steel CBs (Harries et al. 1993; Park and Yun 2005, 2006; Cheng et 

73 al. 2015), concrete-steel composite CBs (Gong and Shahrooz 2001; Harries et al. 2000), concrete 
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74 filled tube CBs (Hu et al. 2016), partially post-tensioned CBs (Barbachyn et al. 2016), fibre 

75 reinforced concrete CBs (Chaallal et al. 1996b; Parra-Montesinos 2005; Canbolat et al. 2005; Zhang 

76 et al. 2007; Cai et al. 2016). 

77

78 To understand the basic behaviour of RC CSWs using conventional concrete under seismic loads, 

79 according to a short review of RC CSWs or RC CBs, several conclusions are drawn:

80 o The coupling beams in CSW systems have two main beneficial effects: (1) they can reduce the 

81 required moment of CSW system comparing with the one in two individual walls; (2) and they 

82 can effectively dissipate earthquake energy over the entire height of the walls (Aristizabal  

83 Ocfaoa 1987).

84 o The three main types of the failure modes of ductile CSWs are: flexural failure of CB, shear 

85 failure of CB and rigid action of the CBs in the CSWs, depending on the degree of the 

86 interaction and resistance behaviour of the CBs in the system (Subedi 1989);

87 o The coupling beam at second floor of CSW structures usually yields first and stops resisting 

88 lateral deformation of the system;

89 o The use of diagonal reinforcements is an effective method to enhance the ductility and load 

90 resistance capacity of coupling beams. However, the addition of the reinforcement also brings 

91 new problems such as cast difficulty of concrete in beam-adjacent wall joint region;

92 o When CSW systems are subjected to large lateral deformation, most of the lateral force is 

93 resisted by the shear walls in the CSWs for the CBs have already undergone the effect of the 

94 inelastic deformation and usually failed at that moment;

95 o The applied axial load of CSWs has a significant influence on the lateral stiffness of the entire 

96 structure. Besides, in CSW system, the flexural deformation at the first floor is the highest and 

97 decreases along the height of CSW;

98 o The performance-based seismic designs have only begun to address in fibre reinforced concrete 
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99 structural walls. Just limited experimental investigations focused on the seismic response and 

100 damage assessment of the CSW systems to support the development of numerical analysis 

101 method, especially large-scale experimental study;

102 o According to past experimental and survey studies, when RC CBs have a small shear span 

103 ratio, their shear failure usually results in that the entire CSW system works as two independent 

104 individual shear walls. This affects significantly the behaviour of the entire CSW system in 

105 subsequent seismic loads.

106

107 In addition, according to existing experimental studies (Chaallal et al. 1996b; Parra-Montesinos 2005; 

108 Zhang et al. 2007; Canbolat et al. 2005; Zhao and Dun 2014), the use of steel fibre (SF) in RC CBs or 

109 RC shear walls improves the stiffness, ductility and energy dissipation capacity of these members and 

110 enhances their seismic and cracking resistance behaviours as well. However, these studies have just 

111 focused on the effect of steel fibre on individual RC coupling beams or cantilever shear walls such as 

112 the ones reported by our research group (e.g. Zhao and Dun 2014; Zhang 2007). Only a few studies 

113 (Lequesne et al. 2011, 2012; Parra-Montesinos et al. 2017) are available which concerned the 

114 application of fibre in RC CSWs such as the RC shear walls coupled by fibre reinforced concrete 

115 (SFRC) CBs (Lequesne et al. 2011; 2012, Meng 2013) or SFRC CBs (Cai et al. 2016). The research 

116 results illustrated that the use of steel fibre improved the entire deformation and lateral resistance of 

117 the RC CSWs subjected to seismic effects by enhancing the shear resistance, stiffness, energy 

118 dissipation and ductility of CBs. The beams without diagonal steel reinforcements also solve the 

119 congestion of steel rebars in the joint region of the CSW system (Cai et al. 2016). The clear 

120 understanding of the entire behaviour of RC SCWs mainly including co-workability and coupling 

121 effectiveness between RC CBs and shear walls is very significant to their design and application with 

122 the considerations of seismic effects. As a consequence, in order to develop the design methods of 

123 SFRC CSWs and support the development of the performance-based design of CSWs, more 
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124 experimental data and analysis models of CSWs are expected.

125 The main objectives of the current research are to investigate experimentally the seismic hysteretic 

126 behaviour of coupled SFRC-CSWs (SFSWs) and to model the skeleton and hysteretic curve of the 

127 coupled SFSWs for providing valuable recommendations to their seismic design. To be specific, this 

128 paper emphasizes to (a) study the failure modes of SFSWs, deformation and resisting mechanism of 

129 various elements of the SFSWs, (b) analyse the ductility, stiffness, and energy dissipation behaviour 

130 of the SFSWs, and (c) model the skeleton and hysteretic curves of the elements. 

131

132 2. Research significance

133 The study of the application of steel fibres in RC CSWs, one kind of the important support elements 

134 in modern earthquake resistance structure systems, is very significant to develop the seismic design 

135 method and promote the application of the structures. Unfortunately, just a few studies have been 

136 reported focusing on steel fibre RC CSW system. In this study, the seismic response and resistant 

137 mechanism of three coupled SFRC-CSWs are experimentally investigated. The skeleton curve and 

138 hysteretic behaviour of the specimens are discussed and modelled respectively. Additionally, several 

139 key recommendations will be provided to improve the design of CSW system and to propel the 

140 establishment of relevant codes for them in the future.

141

142 3. Experimental investigation

143 Test specimens

144 The experimental program in this study consists of three approximate 1/3–scale three-storey planar 

145 RC/SFRC CSWs designed per the Chinese technical specification for the concrete structures of tall 

146 buildings JGJ3-2010 (2010), the Chinese code CECS38:2004 (CEC 2004), and the National testing 

147 method guideline JGJ101-1996 (CIS 1996). Each CSW specimen has a 3750mm total height and a 

148 1900mm total wall length and includes several wall pieces with 100mm of thickness. The length of 
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149 the walls of the CSW system is 600mm with an RC edge column having a width of 400mm and height 

150 of 100mm. The sectional size of the coupling beams in each CSW specimen is 500 x 250mm (length x 

151 depth) with a span-to-depth ratio of 2.0. In order to avoid the congestion of steel reinforcements, in 

152 particular in the zone of the beam-column joints, no diagonal steel reinforcement was used in all 

153 coupling beams of the CSW specimens. Fig.2 shows the details of the CSW specimens such as the 

154 dimension of various elements and reinforcement arrangement. According to the previous experience 

155 in practical engineering and existing literature (Song and Hwang 2004; Singh et al. 2014; Yu et al. 

156 2014; Borg et al. 2016), the usually-used volume fraction of steel fibre in concrete ranges from 0.5% 

157 to 2.0%. Tejchman and Kozicki (2010) also reported that the crack load and ultimate load were found 

158 to increase with the volume fraction of fibre in concrete. Therefore, the study use two typical volume 

159 fractions of steel fibre (1% and 2%) in the specimens. Table.1 lists the details of the main parameters 

160 of the test specimens, while their main features are summarized as follow,

161 (a) Specimen SFSW-1—using conventional concrete, as reference specimen;

162 (b) Specimen SFSW-2—using concrete with 1% steel fibre (volume fraction), same 

163 reinforcement arrangement as the SFSW-1;

164 (c) Specimen SFSW-3—using concrete with 2% steel fibre (volume fraction), same 

165 reinforcement arrangement as the SFSW-1;

166

167 On the other hand, uniformly distributed longitudinal and transverse steel reinforcements were 

168 allocated taking into account the flexural and shear resistance of these elements. The reinforcement 

169 arrangements of the CSWs were followed the Chinese code CECS38:2004 (CEC 2004) and the 

170 Standard of tall building JGJ3-2010 (CIS 2010). According to the study conducted by Harries (2001), 

171 the coupling degree of all CSW specimens are less than 55%. The overall ratios of longitudinal and 

172 transverse reinforcements of the shear walls of the three CSW specimens are same, 1.26% and 1.15% 

173 respectively. The details of the reinforcements of the coupling beams, base beams and shear walls of 
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174 the CSWs are shown in Fig.2. The area ratios of the longitudinal and transverse steel rebars of the 

175 CBs of the CSW specimens are 1.25% and 0.3%, respectively. Besides, a special earthquake report 

176 (EERI 2010) indicated that relatively high levels of axial stress likely led to the great damage suffered 

177 by buildings. However, quite few research (Zhang and Wang 2000; Su et al. 2007) has been reported 

178 about the seismic behaviour of shear walls or CSWs, especially SFRC CSWs. With the increase in the 

179 axial load ratio, the height of concrete spalling rises (Jiang et al 2013). As a start of the experimental 

180 research program of SFRC CSWs and referring to the previous studies (Kabeyasawa and Hiraishi 

181 1998; Gupta and Rangan 1998; Yun et al. 2004; Farvashany et al. 2008; Deng et al. 2008; Jiang et al 

182 2013), a low vertical axial load (0.1ffcAg) was used in this study.

183

184 Material properties  

185 The compressive strength of used concrete was 40MPa, which was transferred to a mean measure 

186 strength (41.70MPa) of standard cubic (150×150×150 mm3) specimens per the test standard of CECS 

187 13-2009 (CIS 2009). The same concrete with different volume fractions of steel fibre were applied in 

188 the SFSW-2 and SFSW-3 which have a measured cubic compressive strength of 46.44MPa and 

189 50.4MPa, respectively. To avoid the lumping of steel fibre in concrete, steel fibre was first mixed with 

190 coarse aggregates and then mixed slowly with a dry combined mix consisting of cement and fine 

191 aggregates. Once all of the dry mixes have been stirred uniformly, water was then added to make the 

192 steel fibre concretes. Two different types of reinforcing rebars were used in the specimens: plain steel 

193 rebars (HPB 300, and 0) were used for shear walls and coupling beams, and deformed steel 

194 rebars (HRB 400,  and ) were applied for the base beams. The details of Young’s modulus, 

195 yielding and ultimate strengths of the steel rebars were obtained through relevant Chinese standard 

196 tests. The used steel fibre is a kind of corrugated steel fibres which has an equivalent diameter of 

197 0.76mm, a length of 32mm and a yielding strength of 380MPa provided by the manufacturer, 

198 respectively.
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199

200 Instrumentations and testing procedure  

201 The test setup used in this study is shown in Fig.3. Each of specimens was mounted on a strong floor. 

202 A low vertical load (0.1ffcAg, about 340kN) was first applied through a combined loading system 

203 consisting of four hydraulic vertical jacks, which can move horizontally with the top of the specimens, 

204 as the Parts 2-4 shown in Fig.3. A lateral reverse load was then applied to the top beam of the CSW 

205 specimens by a horizontal hydraulic jack fixed on a strong reaction wall, as the Part 1 shown in Fig.3. 

206 The reinforcing rebars of the specimens were equipped with several electrical strain gauges to 

207 measure their strains, and the deformation of the specimens was monitored by a few Linear Variable 

208 Differential Transformers (LVDTs). In the reinforcing rebars of the edge RC columns of the CSWs, 

209 30 strain gauges were used to monitor their strain.

210

211 A quasi-static cyclic loading was used at each of specimens and divided clearly into two stages. To 

212 observe the crack propagation of each specimen at early stage, a force-control loading (single cyclic 

213 for each level) was applied first until the yielding of certain longitudinal reinforcement was observed 

214 or when the envelop curve of the force-displacement of the specimen presents an obvious yielding 

215 point. At this moment, entire CSW specimen was considered to reach its yielding displacement ( y). 

216 Subsequently, to simulate the impacts of earthquake, a series of displacement-control loading cycles 

217 (2 cycles for each target level) were applied to each specimen, starting after the specimen reached its 

218 yielding displacement ( y) and increasing with 0.5 y (i.e. y y y y, y y). 

219 During the tests, the crack propagation, damage, deformation and lateral force-development of these 

220 specimens were recorded and monitored. For the security of test people and equipment, the test is 

221 finished if the lateral force of the specimens reduces to 85% of the maximum measured force or the 

222 lateral displacement of the specimen reaches about 4 times yielding displacement ( y). 

223
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224 4. Test results and analysis 

225 4.1 General behaviour 

226 The main experimental results about the hysteretic behaviour of the specimens are presented in Fig.4. 

227 The reference specimen SFSW-1 elastically resists its lateral deformation at the initial stage until the 

228 lateral force (F) reaches 50kN. At this moment, the first lateral flexural crack was observed on the end 

229 of the two walls at the first floor in push loading direction. At the same time, several vertical cracks 

230 were confirmed at the ends of CBs in push and pull directions (500-600mm from the ends). The first 

231 shear crack was found in the shear walls at the place of 30-150mm from the bottom ends of the first 

232 floor shear walls when the lateral load was 125kN (average level in two directions). From 1.0 y to 

233 3.0 y, the cracks mentioned above developed quickly while a few new cracks appeared, and the 

234 concretes at the hinge zones of the CBs and the ends of shear walls were crushed. When the lateral 

235 displacement of the reference CSW reached 2.0 y, the specimen presented its maximum strength. 

236 When the lateral displacement of the specimen was 4.0 y, although no new crack was observed, more 

237 concretes crushing between CBs and shear walls were found or the exposure of some longitudinal 

238 steel rebars was confirmed. This severely crushed concrete so that the entire cross-section of the 

239 specimen was cut through leading to its structural failure. Like vertical support members such as RC 

240 columns, the reverse lateral loading cycles make the RC CSW show an obvious degradation in the 

241 lateral resistance force at the later stage.

242

243 In the SFRC CSW specimens, similar experimental observations were found in both two specimens at 

244 the initial stage, except for the crack propagation of shear walls is slow. The use of SFRC delays the 

245 propagation of the flexural and shear cracks in the shear walls and shear-cracks in the coupling beams 

246 (see Fig.5). At the same time, the use of steel fibre makes the shear walls get a more uniform stress 

247 distribution to resist the external loads uniformly. However, SFRC did not bring an obvious 

248 improvement in the resistance of flexural cracks of the coupling beams in the specimens. Besides, 
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249 similar damages as the ones in the reference CSW were found in the two SFRC CSWs such as 

250 concrete crushing. With regards to the enhancement of CBs caused by the addition of steel fibre, the 

251 resistance of shear walls in the SFRC CSWs was higher than the one in the reference RC CSW, which 

252 resulted in that the longitudinal steel rebars of the specimens fractured when their lateral displacement 

253 was 4.0 y.

254

255 In the term of hysteretic behaviour, comparing with the reference RC CSW specimen, the SFRC CSW 

256 specimens present a plumper hysteretic behaviour with a higher lateral stiffness and stronger bearing 

257 capacity and more stable degradation of lateral force at the post-peak stage. In order to understand 

258 clearly the crack propagation of the SFRC CSWs, their load cycles were divided into three main 

259 stages shown in Fig.4. (1) At the early stage of the loading, most of cracks concentred and developed 

260 quickly at the ends of CBs because of the large deformation caused by a strong bending moment at 

261 the top of shear walls. This fits well with the design of these specimens in this study. In the SFRC 

262 CSWs, however, the use of steel fibre makes these CBs present a relative slower crack propagation. 

263 (2) At middle stage of the loading, many lateral flexural cracks propagated in the two shear walls of 

264 the SFRC CSWs. However, the reference RC CSW resisted the propagation of the cracks through the 

265 action of longitudinal reinforcements until the cracks occurred in the upper part of shear wall. But 

266 steel fibre improved the cracking resistance of the shear walls making the entire CSW present more 

267 uniform stress situation. (3) After the coupling beams of CSWs stopped working due to more and 

268 wider interfacial cut-through cracks, the crack propagation of the entire CSWs focused on the ends of 

269 the shear walls. The cracks widened sharply at the below end of the wall leading to more concrete 

270 crushing. A few flexural-shear cracks occurred at the shear walls at each floor meaning the steel fibre 

271 provided a good restriction to the horizontal flexural cracks. 

272

273 The failure of all specimens were flexural-dominate failure model. This indicates the design of the 
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274 CSWs per the Chinese code JGJ 3-2010 (CIS 2010) is acceptable. The use of steel fibre has a 

275 significant influence on the crack propagation and deformation of the CSW specimens, including 

276 control of the number of crack and uniformly distribution of these cracks. Besides, the crushing of 

277 concrete at the joint zone between shear walls and CBs was lightened, as shown in Fig.5.

278

279 4.2 Deformation mechanism of RC/SFRC CSWs

280 (1) Deformation of shear walls 

281 The deformation situation of shear wall is helpful to understand the transfer mechanism of external 

282 loads in CSW system. As shown in Fig.6, main experimental observations were drawn as,

283 a. The longitudinal reinforcements located at the critical sections such as the ends of shear walls 

284 presented their highest strain levels in all tested CSW specimens.

285 b. According to the test results, the deformation of the reinforcements at the ends of the RC CSW 

286 present a considerable elastic feature, even when the lateral resistance force of the CSW 

287 decreases at the later stage. This is explained by the fact that the entire CSW system can be 

288 switched into two single shear walls after the CBs stopped working at large deformation stage. 

289 When steel fibre was used in RC CSWs, the lateral resistance and deformation of CBs were 

290 improved enhancing the lateral deformation capacity of the entire CSW system.

291 c. The use of steel fibre makes the CSW system obtain a more uniform stress distribution by 

292 controlling the deformation and damage of the end zones of shear walls and transferring the 

293 stress to the reinforcements of the walls at above floors. This was verified by the fact that the 

294 strain of longitudinal reinforcements in the RC CSW was smaller than the one in SFRC-CSWs 

295 at the second and third floor.

296 d. Because of the additional confinement effect of the top RC columns on the third floor of SFRC 

297 CSWs, the strain of reinforcements at the third floor is usually higher than the one at the 
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298 second floor. However, these reinforcements still did not reach their yielding strengths. It 

299 should be noted that the top loading beam also serves to restrain axial forces in the beams and 

300 improve the behaviour of entire CSW for it was cast integrally with the shear walls. For this, all 

301 specimens exhibit a classic single large crack appearing at the ends of the beams. Similar to the 

302 results reported by Paulay (1971), this leads to sliding shear failures, particularly where tensile 

303 forces are developed in the beams.

304 e. After some longitudinal reinforcements of the shear walls in SFRC CSWs reach their ultimate 

305 strengths, for the walls still needed to resist the lateral deformation, the strains of the 

306 reinforcements in the upper floors increased (see Fig.6).

307

308 (2) Deformation of coupling beams in CSWs

309 The strains of the reinforcements of the CBs in the reference RC CSW are usually less than the ones 

310 in SFRC CSWs. It is attributed to that the large crushed concrete cover in RC coupling beams makes 

311 the beams to stop providing an effective coupling action for the deformation of the two shear walls. In 

312 the SFRC CSWs, however, the use of steel fibre improves the coupling action of CBs which makes 

313 the strains of the reinforcements in these SFRC CSWs obtain a continuous increase.

314 Based on above analysis, it was found that steel fibres can effectively enhance the shear resistance of 

315 CBs which enhances the deformability of the entire CSW system, and can reduce the concrete 

316 crushing in the hinge zones of the CBs which ensures their coupling action at later stage. These make 

317 the CBs in SFRC CSWs more effective to resist the reverse seismic loads of the entire behaviour of 

318 the structure. This is also helpful to control the degradation of lateral stiffness and to improve the 

319 lateral resistance force, energy dissipation of the CSW systems.

320

321 4.3 Seismic response—Ductility, stiffness and energy dissipation
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322 Ductility, stiffness and energy dissipation capacity are important assessment indexes to evaluate the 

323 seismic response of RC structural members. A high level of ductility means RC members have a 

324 stable deformation without a rapid and substantial reduction in the lateral strength of the RC members 

325 subjected to strong earthquake (e.g. after drift ratio of 1/50). Lateral stiffness is to evaluate the 

326 capacity of RC members resisting to their lateral deformation and to conduct an effective analysis of 

327 the global behaviour of RC structures. In addition, energy dissipation capacity reflects the ability of 

328 RC elements to absorb the earthquake energy caused by underground vibration, which usually 

329 dissipate the energy through the inelastic damage of the members or some additional damping 

330 devices. Referring to Fig.7, the detailed definition and description of the above indexes are 

331 summarized as below.  

332 (1) Initial stiffness

333 The initial stiffness indexes discussed in this paper include initial elastic deformation stiffness Kint and 

334 nominal initial stiffness Ky (yielding stiffness) shown in Fig.7. As reported by Paulay and Priestley 

335 (1992), the quantity of the stiffness indexes related to lateral loads to ensure structural deformations. 

336 The two stiffness indexes are calculated secant displacement stiffness when the lateral displacements 

337 are 0.33 and 1.0 times the measured yielding displacement ( y) of the member, respectively. In this 

338 study, the yielding displacement y is a measured value of the lateral displacement obtained from the 

339 skeleton curve of load-displacement of the elements when an obvious inflection point (yielding point) 

340 of the skeleton curve occurs or when certain longitudinal reinforcement in the shear walls yields.

341 (2) Ductility indexes

342 Based on the previous studies, several methods to define the ductility of RC members have been 

343 proposed, including displacement and curvature ductility. For instance, energy method, 0.75 (Ghee et 

344 al. 1989) or 0.85-time ultimate lateral force, and equal-area method. In this study, referring to the 

345 research results reported by Ghee et al. (1989) and through measured yielding displacement ( y), 

346 maximum lateral displacement ( max) and ultimate displacement ( u) corresponding to 85%Vmax 



15

347 (Paulay and Priestley 1992; Pam et al. 2001; Memon and Sheikh 2005; Osorio et al. 2014), the 

348 maximum and ultimate ductility indexes are defined as,

349                                                              (1)
'

max
max

y

350                                                                (2)
'y

u
u

351 (3) Inter-storey drift ratio

352 The ultimate inter-storey drift ratio u is one of the important parameters to evaluate the deformation 

353 capacity of RC elements and in relation to the height of the elements. It is expressed as,

354 (%)                                                              (3)u
u

355 (4) Total dissipated energy

356 Energy dissipation is a fundamental structural property of RC elements when subjected to seismic 

357 demands. Energy dissipated of certain completed load cycle (ith loop) (Ei) is calculated by the area of 

358 load-displacement curve encircled by this cycle, shown as the hatched area in Fig.7. The total 

359 dissipated energy of RC members is a sum of all cycles of the loading until the lateral force of the 

360 member reduce to 85%Vmax, is given by,

361                                                               (4)
n

i
iEE

1
T

362 (5) Total work index Iwo

363 To evaluate the serviceability of RC elements subjected to a given loading history, Gosain et al. 

364 (1977) propose a total work index Iwo which is expressed as,

365                                                   (5)
n

i
ii

y

wo V
V

I
1

max,max,

max

1

366 (6) Energy index IE

367 Ehsani and Wight (1990) suggested a damage index IE to evaluate the damage degree of RC elements 

368 subjected to a given load history which is given by
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369                                          (6)
n

i y

i

y

i

y

E
K

K
E

V
I

1

2

max,int

max

1

370

371 Table.2 gives a summary of the results of all above-mentioned indexes of the tested CSW specimens. 

372 It was found that the use of steel fibre improved the initial stiffness, ultimate ductility, and energy 

373 dissipation and working properties of the CSWs. This is attributed to two aspects, i.e. steel fibre 

374 restricts the crack propagation of concrete at the ends of shear walls at early stage and reduces the 

375 degradation of lateral resistance force at later stage. To be specific, the main benefits of steel fibre in 

376 RC CSW are,

377 (a) SFSWs have a higher initial stiffness of about 1.4 times the one of RC CSW for the bridging 

378 effect of the steel fibre in the concrete (Yap et al. 2016; Bharti et al. 2017);

379 (b) Steel fibre has a positive influence on the maximum lateral resistance capacity of RC CSWs 

380 which indicates the shear resistance of SFSWs is partly from the shear contribution of SFRC 

381 of coupling beams before they stop their coupling action;

382 (c) The maximum ductility levels ( max) of the two SFRC CSWs are 1.06 and 1.38 times the one 

383 of RC CSW when the volume fractions of steel fibre in concrete are 1% and 2% respectively;

384 (d) When the used volume fraction of steel fibres is 1%, though steel fibre did not enhance the 

385 yielding displacement and inter-storey deformation capacity of the CSW, the ultimate 

386 ductility of this specimen is 1.05 times one of RC CSW and their energy dissipation capacity, 

387 energy index and total work index increased in 40%-60% comparing with the ones of the 

388 reference specimen.

389  

390 (7) Lateral secant stiffness vs. displacement

391 It is significant to RC structures to understand the degradation of lateral stiffness of RC members 

392 under cyclic loads. Fig.8 shows the development of the lateral secant stiffness of all tested CSWs with 
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393 their lateral displacement. Because steel fibre resists the cracking of concrete located at the ends of 

394 shear walls due to its bridging effect, the lateral secant stiffness of SFRC CSWs is higher than the one 

395 in normal concrete at early stage. However, the degradation degree of the lateral stiffness of all CSWs 

396 increases sharply before the lateral displacement of the members reaches their yielding displacement 

397 y. Experimental observations verified that the deformation of the entire CSW was resisted by 

398 developing the flexural cracks at the ends of shear walls and the shear cracks on the shear walls at the 

399 second and third floor. At the later stage, the changing amplitude of the lateral stiffness of all 

400 specimens is quite gentle. This was explained by the facts that just a few new cracks were found in the 

401 CSWs at this stage and steel fibres stop their effective resistance to wide opened cracks.

402

403 4 Analysis and modelling of skeleton curve and hysteretic loop 

404 5.1 Modelling of skeleton curve of SFSWs

405 In order to model the skeleton curve of the hysteretic behaviour of the RC members subjected to 

406 cyclic loads, the most widely-applied restoring force model is tri-linear restoring force model shown 

407 in Fig.9. The line 1 plotted in this figure presents three main feature points of the modelling curve of 

408 normal RC elements, i.e. cracking, yielding and maximum strength points respectively. For normal 

409 RC members, the yielding point could be quite different among different kinds of structural members 

410 due to the reduction of lateral stiffness after cracking. In well-designed SFRC elements, however, the 

411 lateral resistance of members after ultimate strength is still considerable and decreases slightly with 

412 the displacement as Line 2 shown in Fig.9. The experimental results of the study show the lateral 

413 stiffness of RC CSWs usually varies before they reach their maximum lateral force and the total 

414 degradation of the stiffness cannot be ignored. Therefore, a simplified tri-linear model based on FRC 

415 beam/columns model was suggested as Line 3 shown in Fig.9.  

416   

417 5.1. 1 Definition of yielding point
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418 Generally, it was considered that the yielding point of RC members is reached when certain 

419 longitudinal reinforcement yields or when the lateral force of the elements reaches 75-85% of their 

420 maximum (ideal calculated or measured) strength (e.g. Ghee et al. 1989; Bayrak and Sheikh 1997). 

421 However, in CSW systems, although SFRC coupling beam can provide a good coupling effect for its 

422 high performance, the integrity of the systems is weak and significantly affects the lateral stiffness of 

423 the entire member. This then influences the yielding of the CSW members. Referring to the research, 

424 it is suggested that the lateral force of CSWs usually reaches 65% of their maximum strength when 

425 the members yield in this study. Therefore, the yielding strength of SFSWs is calculated as,

426                                                           (7)uuy FFF 65.01

427                                                                 (8)intKK yy

428 As described previously, the lateral stiffness of SFSWs has no very obvious changes before cracking 

429 of the members, which is considered as a reduced initial stiffness Kint. Therefore, the yielding stiffness 

430 of SFRW is expressed as Eq. (8). Regarding the reduction ratio of the initial stiffness of single SFRC 

431 shear wall at the yielding situation, Zhao and Dun (2014) reported that it could be taken as 0.29 for 

432 predicting the yielding stiffness. In this paper, Kint is calculated on the basic of the Chinese standard 

433 JGJ3-2010 (CIS 2010) and given by,

434                                                   (9)
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435 In SFRC CSWs, however, SFRC coupling beams improve the whole behaviour of the member which 

436 then affects the development of lateral stiffness at this stage. Then, this positive effect of steel fibre 

437 decreases greatly if the capacity of RC coupling beam is higher than the one of shear walls. This is 

438 attributed to that the moment distribution and corresponding deformations of the various parts of 

439 CSWs significantly are dependent on their stiffness level. The results of the present research already 

440 verified the above analysis and present that the values of the reduction ratios of SFSW1-3 are 0.14, 
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441 0.19 and 0.16, respectively. Therefore, the change of lateral stiffness of SFSWs is affected by three 

442 parts, i.e. the nonlinear behaviour of steel rebar and SFRC, and the reduction in the confinement of 

443 coupling beams. With the above considerations, when the volume fraction of steel fibre in SFSWs 

444 ranges from 1% to 2%, the simplified stiffness reduction ratio y is suggested to take as 0.2.

445

446 5.1.2 Definition of maximum strength point— Mmax and Kmax

447 As described previously, a well-design RC CSW system works similarly to a single RC shear wall 

448 before reaching their maximum resistance status. Therefore, RC CSW is considered as an I-type RC 

449 elements with openings same as reported by Zhao and Dun (2014). The design also should consider 

450 the coupling effect of coupling beam and the resistance of the shear walls. Considering the positive 

451 effect of RC edge columns and steel fibre on the entire behaviour of CSWs, a simplified calculation 

452 model to predict the moment capacity of SFSWs Mmax consisting of the moment resistance 

453 compositions from transverse reinforcement (Mst), longitudinal steel of RC edge columns (Msl), 

454 enhancement effect of axial load (Ma) and SFRC (MFRC) and is expressed as, 

455                                                   (10)

456 In this equation, based on a detailed sectional analysis of RC/SFRC CSWs, the compositions provided 

457 by the parts of the CSWs are summarized in Eqs. (11) to (14). 
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462 where, the concrete compressive strength of SFRC is calculated by the model proposed by Zhang 

463 (2007) and detailed information is reached in the research reported by Zhao and Dun (2014). Through 

464 the maximum moment of RC CSWs, the maximum lateral resistance force Fmax is obtained.



20

465 On the other hand, with the considerations of the entire resistance of CSWs is less than a single shear 

466 wall with the same conditions (cross-section, reinforcements and concrete etc.), a reduction factor is 

467 introduced to modify the maximum moment Mmax of the CSWs based on the original calculation of 

468 the two signal shear walls. To simplify the calculation procedure, the reduction factor is suggested as 

469 0.95 for the reference RC CSWs. Due to steel fibres improved the entire lateral resistance of RC CSW 

470 system, the reduction factor is taken as 0.9 for the SFRC CSWs in this study. About the lateral 

471 stiffness from yielding point to maximum strength point (Kmax), as presented previously, the lateral 

472 stiffness Kmax of CSWs is assumed as 0.3 times initial stiffness, 0.3Kint, referring to the experimental 

473 results in this study.

474

475 5.1.3 Definition of post-peak point of skeleton curve —Fu and Ku

476 Ultimate strength Fu — A number of researchers suggested the ultimate strength of RC elements (e.g. 

477 columns) was taken as 80%-90% of their maximum strength (Bayrak and Sheikh 1997). In this study, 

478 the ultimate strengths of SFRC CSWs were considered as 85% of the maximum strength, i.e. 0.85Fmax 

479 (Hwang et al. 2005; Zhao and Dun 2014).

480 Lateral stiffness at post-peak Ku — Due to the post-peak behaviour of RC CSWs is improved by steel 

481 fibre, the reduction of lateral stiffnesses of SFSWs should be slower than the one in normal CSW at 

482 this stage. Additionally, owing to coupling beams stop providing lateral resistance at the large 

483 deformation stage, the main influence factors of the stiffness are fibre concrete compressive strength 

484 and the volume fraction of steel fibre. In this paper, the lateral stiffness at post-peak was calculated as 

485 an equivalent stiffness multiplying an affecting ratio to the initial stiffness Kint. In each individual wu

486 shear wall in CSW system, Zhao and Dun (2014) indicated the affecting ratio could be near to -0.02 

487 for SFRC shear walls. Therefore, with the consideration of the weak structural integrity of the CSW 

488 system but the good coupling action of SFRC coupling beams in SFSWs, is taken as 60~70% of wu

489 the one of sign SFRC shear wall, i.e. Ku is -0.013 times of the initial stiffness Kint.
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490 5.1.4 Complete skeleton model

491 Based on the above analyses, the complete skeleton model curve of SFSWs (the volume fraction of 

492 steel fibre: 1%-2%) is expressed as,

493           (15)
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494 5.1.5 Experimental verification of proposed model

495 To check the proposed model curve, some new research results (Meng 2013) were used. As shown in 

496 Fig.10, the calculated skeleton curves present a good agreement with the experimental curves which 

497 illustrate the proposed model can be used to predict the skeleton curve of the load-displacement of the 

498 SFSWs subjected to seismic loads.

499

500 5.2 Modelling of hysteretic curve of RC/FRC CSWs

501 5.2.1 Calibration of the rule for hysteretic curve

502 (a) Before yielding of CSW members

503 Taking specimen SFSW-1 as an example shown in Fig.11 (a), according to the experimental results of 

504 the current study, the non-elastic deformation of CSW is slight before it reaches its yielding status. It 

505 means the plastic dissipated energy of the member could be ignored. Therefore, in this paper, the rule 

506 of the hysteretic curve before the yielding of the member is simply considered as a linear uploading or 

507 unloading cycle. 

508 (b) From yielding point to maximum strength point

509 Before CSW reaches its maximum strength or coupling beams stop providing deformation resistance, 

510 the restoring force rules of SFSW are same or similar as the ones of signal coupling beam/shear wall. 

511 Therefore, referring to the research results reported by Zhao and Dun (2014) and the experimental 

512 result in the current study shown in Fig.11 (b), a simplified restoring force model of SFSW are 
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513 obtained shown in Fig.12, including some key feature points (Points 1-8). The definition of the points 

514 is concluded as the following sections.

515 (1) Fixed feature points 1 and 5

516 As shown in Fig.12, each of hysteretic loops of the load-displacement curve has two key fixed points 

517 on its uploading and unloading branch, respectively. The lateral forces corresponding to the two 

518 points both are 0.3 times of yielding strength at the both directions. Due to the hysteretic behaviour is 

519 elastic, therefore, the two point was defined as (0.3 y, 0.3 Fy) and (-0.3 y, -0.3 Fy), respectively.

520 (2) Stiffness inflection points 2 and 6

521 Based on the investigation results in this study and reported by Zhao and Dun (2014), the inflection 

522 points of lateral stiffness of each of loops occur when the lateral displacement of the member reaches 

523 its corresponding yielding displacement level shown in Fig.12.

524 (3) End points 4 and 8 of initial unloading, F4,8

525 The initial unloading actions of SFSWs are stable (Lines 3-4 and 7-8) in the CSWs and will finish at a 

526 stable lateral force, as shown the lateral force at the points 4 and 8 in Fig.12. In this study, this stable 

527 lateral force is taken as 0.2 times yielding strength Fy.

528 5.2.3 Rules of hysteretic curve after maximum strength

529 Though the failure mode of all specimens is flexural-dominant failure, the skeleton curves of the 

530 CSW members after maximum strength is shorter than the one of individual shear walls or coupling 

531 beams. Therefore, the rules of the hysteretic curve after maximum strength are considered as same as 

532 that from yielding point to maximum strength point.

533 5.2.4 Stiffness of hysteretic model K23 and K67

534 Before the yielding of SFSW members, the stiffness of uploading is simplified as Ky. Based on the 

535 study, the various stiffnesses at post-yielding, i.e. the slop from yielding point to ultimate point, are 

536 obtained and shown in Fig.12. 

537 5.3 Verification of the proposed hysteretic model
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538 In order to confirm the proposed complete hysteretic model proposed, several representative loops of 

539 each specimen were used from the present study and the previous results (Meng 2013). These 

540 representative loops include the ones near to the cracking status, yielding status, maximum strength or 

541 ultimate strength status. Fig.13 shows the comparison results between experimental and predicated 

542 hysteretic loops which indicts that the proposed complete model assesses the hysteretic cycles of the 

543 RC/SFRC CSWs with a good agreement.

544

545 6 Conclusions 

546 This paper experimentally investigated the hysteretic behaviour of SFRC CSWs under simulated 

547 seismic loads. The strength, deformation and stiffness degradation, energy dissipation and crack 

548 damage of the elements have been discussed. Main conclusions were drawn as follows.

549 (1) Steel fibres improve the stress distribution of RC CSWs in terms of lateral resistance capacity 

550 stiffness, and deformation. This is attributed to the fact that steel fibres improve the non-uniform 

551 situation of the stress of shear walls which makes the reinforcements provide more effective 

552 tensile resistance in the walls. Therefore, the deformation of entire CSW was realized by 

553 developing the flexural cracks at the ends of the shear walls and the shear-type cracks at the 

554 shear walls of the upper floors.   

555 (2) Comparing with RC CSW specimens, SFRC CSWs presented a plump hysteretic behaviour with 

556 a higher lateral stiffness and strength, and more stable degradation of lateral resistance post-

557 peak. Steel fibres delay the crack propagation of RC CSW specimens and the concrete crushing 

558 at the joint zone. 

559 (3) Steel fibres improve the integrity of RC CSWs and the degradation of lateral stiffness of the 

560 members due to the tensile resistance of reinforcements in coupling beams is effectively used. 

561 This is because steel fibres improve the energy dissipation and deformation of coupling beam 

562 which was verified by the observed results of the reinforcement fracture in RC edge columns.   
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563 (4) Considering the coupling effectiveness of coupling beams, using a simplified strength model 

564 based on the sectional analysis of an individual shear wall, a maximum strength model has been 

565 developed for SFRC CSW specimens. Using the strength model, a simplified skeleton curve 

566 model and a hysteretic model were proposed for RC/SFRC CSWs. Results verified the proposed 

567 models can predict the experimental results and existing data with a good agreement.     

568
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574 Notations

575

EcIeq — equivalent stiffness, where Ec is elasticity modulus of concrete;

Iw — moment of inertias of the entire cross-section of shear wall;

Aw — area of cross section of wall without openings reported by CIS (2002);

— calculation factor of the shape of cross-section taken as 1.2 for the rectangular section;

Asw, As — cross area of longitudinal steel rebars in the shear wall and edge columns;

fyw, fy — yielding strength of longitudinal steel in the shear wall and edge columns;

x, xt — calculation height of compressive zone and tensile zone which is taken as xt=hw-1.25x;

hw hwo — height and effective height of cross section respectively;

bw, hb H — the width of the cross-section, and height of columns and a total height of shear walls

fftb — bending tensile strength of FRC, which can be calculated as 0.4ffts ;

ffc, ffts —
compression strength, splitting tensile strength of FRC obtained from test or the model 

proposed by Han et al. (2006) ;

y, u — yielding displacement ultimate displacement of the member when 85% Vmax;

u, max, u — ultimate inter-storey drift ratio, the maximal and ultimate ductility of members;

Vmax,Vimax — the maximum strength of member and the one at ith cycle;

max, imax, x — lateral displacement corresponding to Vmax and Vimax, and the given x displacement;

ET,Ei,EN — total, ith cycle and normalized dissipated energy of RC member;

Iwo,IE veq — total work and energy indexes, and equivalent viscous damping coefficient of the member;

Kint,Ky,Kmax,Ku —
initial and yielding stiffnesses of the member; as well as lateral stiffness from yielding to 

maximum strength points, and the one after peak point;

1, y — influencing factors for yielding strength and reduced stiffness;

Fy,Fmax,Fu, Fi —
forces corresponding to yielding, maximum and ultimate displacements in envelop curve 

model; as well as the forces at i feature points of the skeleton curve model (i=1-8);

Mu, Mst — maximum moment capacity of member, and the moment provided by transverse steel;

Msl, Ma, MFRC — the moment provided by longitudinal steel, axial load action, and fibre reinforced concrete;

576
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(from https://theconstructor.org)
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735 Fig.1 Coupled shear wall system: seismic effect and design
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Units: mm

738 Fig.2 Details of the dimensions of test specimens
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739

6

1—Horizontal hydraulic Jack;
2—Vertical hydraulic Jack; 
3—Rolling bearings; 
4—Load sensor; 
5— Reaction frame;
6—Reaction force Wall; 
7—Specimen; 
8—High strength steel bolt

740 Fig.3 Experimental setup
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745 Fig.4 Hysteretic behaviour of the tested CSW specimens
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748 Fig.5 Crack situation of the specimens SFSWs 1-3 (at the end of testing, after 4 y) 
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752 Fig.6 Strain-displacement of longitudinal reinforcements of shear walls
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755 Fig.7 Main assessment factors of RC members under seismic loads
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761 Fig.8 Degradation of lateral secant stiffness of CSWs with displacement
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764 Fig.9 Typical skeleton models of RC/FRC members
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766 Fig.10 Comparison between proposed model and experimental skeleton curves 
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770 Fig.11 Main characteristics of the hysteretic curve of SFRC CSWs 
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773 Fig.12 Proposed hysteretic model of RC/SFRC CSWs
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775 Fig.13 Comparison between experimental and predicted hysteretic cycles
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777 Table.1 Details of main parameters of specimens

Coupling beam SFRC  Steel fibre
Specimen 

No.
Length/width/height  

(mm)

ffc 

(MPa) 

 ffts 

(MPa) 
 

Volume 

fraction 

Yielding 

strength (MPa) 

Diameter 

(mm)

Length/   

Diameter

SFSW-1 41.7 3.17  0

SFSW-2 46.44 3.85  1%

SFSW-3

500/100/250

50.37 4.29  2%

380 0.76 42

778 SFRC: Steel fibre reinforced concrete; ffc: SFRC compressive strength; ffts: Splitting tensile strength.

779

780

781 Table.2 Summary for the test results of CSWs in this study

782

SFSW-1 401.30 36.79 20.67 20.00 1.51 2.54 2.15 134181.06 16.23 24.17 22.60

SFSW-2 414.76 51.35 20.74 20.00 1.61 2.26 1.91 203410.94 24.52 38.18 31.88

SFSW-3 420.15 52.20 21.01 20.00 2.07 2.65 2.25 220256.12 26.21 36.44 31.93

783

784

785


