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16 Abstract: Volumetric strain of a soil element surrounding the pile accumulated under the 

17 drained cyclic loading condition is one of major concerns in geotechnical engineering design. 

18 In this paper, twenty stress-controlled drained simple shear tests, with 5000 cycles on 

19 Fontainebleau sand have been carried out, which aims to investigate four factors influencing 

20 cyclic accumulation behaviour: initial void ratio, normal stress, cyclic shear stress ratio and 

21 average shear stress ratio. Based on results, the cyclic volumetric strain accumulation for each 

22 influencing factor is summarized, which is found highly sensitive to the cyclic shear stress ratio 

23 that a bigger magnitude (more than 0.2) leads to a larger degree of densification. In addition, a 

24 simple analytical model is then proposed accounting for these factors with seven parameters 

25 that can be directly calibrated from laboratory tests.  Finally, the applicability of the model is 

26 examined by simulating the additional tests through an adoption of the parameters calibrated 

27 by the training tests.
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29 1 Introduction

30 During long-term cyclic loading, because of cyclic strain accumulation in the soils 

31 surrounding piles, the serviceability of a pile foundation will be adversely affected. According 

32 to the Mohr-Coulomb criterion, the mobilised shear stress acting on the pile shaft depends on 

33 the level of the radial effective stress applied to the soil-pile interface [1-3], meaning that any 

34 change in the radial effective stress or strain caused by cyclic loading will greatly affect the 

35 bearing capacity of the pile foundation. Hence, to explain the basic mechanisms of pile 

36 resistance under cyclic loading, a large number of field and/or laboratory-based model pile 

37 cyclic loading tests have been performed over the past few decades. For example, Jardine and 

38 Standing [4, 5] demonstrated that a high level of cyclic loading is highly detrimental to shaft 

39 capacity, based on their experimental results on an in-situ pile test being subjected to a large 

40 amount of axial cyclic loading. More recently, Tsuha et al. [6] and Rimoy [7] presented a series 

41 of reduced-scale cyclic tests, using the mini-Imperial College pile (ICP), that demonstrated the 

42 cyclic degradation of radial stresses adjacent to the pile. All cyclic pile tests show that the shaft 

43 capacity depends on the mechanical response of a soil element (strain or excess pore pressure 

44 accumulation) adjacent to a pile under cyclic loading [8-11]. Thus, it is of great importance to 

45 study the cyclic behaviour of the soil element around the pile.

46 In a laboratory elementary test, to obtain high-quality and reliable data, in-situ conditions 

47 should be replicated as closely as possible. Three general types of laboratory equipment, with 

48 easily operable features, have been widely used to study the soil element’s behaviour around 

49 the pile, including triaxial tests, direct interface shear tests and simple shear tests to simulate 

50 the field constructions [12-17]. Recently, the cyclic behaviour of soils has been widely studied 

51 via triaxial tests [18-22]. However, without the principal stress rotation, the real shearing state 

52 of soils adjacent to the pile still cannot be adequately replicated [23], which utterly restricts its 
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53 application to shaft degradation. Moreover, Boulon and Foray [24] suggested that the constant 

54 normal stiffness condition can reproduce the interface pile-loading boundary conditions. 

55 Following this proposition, Pra-ai and Boulon [25] performed a series of cyclic constant normal 

56 stiffness direct interface shear tests with a large number of cycles, to investigate the progressive 

57 degradation of normal effective stress. The constant normal stiffness tests were performed by 

58 continually adjusting the values of normal stress and strain respectively by keeping the ratio of 

59 normal stress to strain constant. However, the value of normal stiffness depends on the sample 

60 depth (through the pressuremeter modulus) and the pile radius, which also limits its general 

61 application.

62 Comparing it against triaxial tests and direct shear tests, Anderson [26] pointed out that 

63 the simple shear test has been acknowledged to provide more representative loading conditions 

64 for shearing of soils adjacent to a pile, such as that the cyclic shear strain develops more 

65 symmetrically than triaxial tests and can also take into account the principal shear rotation 

66 during the shear process corresponding to piles under axial cyclic loading. A large number of 

67 undrained or constant volume cyclic simple shear tests have been conducted to investigate the 

68 cyclic responses of soils, including liquefaction, degradation of both shear stiffness and the 

69 damping ratio, and effective normal stress [27-30]. Recently, different types of laboratory tests 

70 have also been performed on various sands considering the effects of size/shape characteristics 

71 on the cyclic responses of sands [31-37]. In addition, the behaviour of strain accumulation in 

72 sand has been already examined considering the influences of amplitude, relative density and 

73 normal stress based on different types of tests [38-42]. Moreover, a detailed parametric study 

74 about simple shear tests has also been performed by Duku et al. [43], but only considering low 

75 number of cycles (N ≤ 50). Although these models have their advantages, the coupling effects 

76 of different initial conditions on volumetric strain cannot be well described, and the strain-

77 related cyclic response has received less discussion. An empirical model to describe the cyclic 
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78 strain accumulation behaviour considering different influences (e.g. initial void ratio or relative 

79 density, normal stress, cyclic shear stress ratio and average shear stress ratio) remains unclear 

80 because of a lack of relevant tests, although it is considered an important impact factor for the 

81 analysis of shaft capacity [18, 44-46].

82 The aim of this paper is to analyse the volumetric strain accumulation in sand specimens 

83 through cyclic simple shear tests under constant normal stress condition. A series of drained 

84 cyclic simple shear tests is first performed on Fontainebleau sand, which includes four initial 

85 states with different factors: (1) initial void ratios, (2) initial normal stresses, (3) cyclic shear 

86 stresses and (4) average shear stresses. Moreover, the experimental results are also interpreted 

87 to summarise the relationships between volumetric strain accumulation and each factor. Finally, 

88 the development of an analytical model, to predict the cyclic accumulation of volumetric strain, 

89 is expounded, taking into account the effect of the initial void ratio, initial normal stress, cyclic 

90 shear stress and average shear stresses.

91 2 Experimental investigation

92 2.1 Material and simple shear apparatus

93 Fontainebleau sand NE34, a geotechnical reference material in France, widely used in 

94 cyclic triaxial tests [20, 47-49] and direct shear tests [25], was adopted for this study. The tested 

95 sand is a kind of fine siliceous sand with sub-rounded grains, a roundness of R = 0.390 and a 

96 sphericity of S = 0.749 [50]. Its main characteristics are summarized in Table 1 [48, 51]. 

97 Table 1 Physical properties of Fontainebleau sand NE34

SiO2: % D50(mm) Cu(D60/D10) Gs emax emin

99.70 0.21 1.53 2.65 0.882 0.510
98
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99 The simple shear tests were conducted using a commercial device (GDS-simple shear 

100 apparatus) whose design is close to the NGI simple shear apparatus [52, 53]. The servo-

101 controlled system (as seen in Figure 1) is capable of conducting stress/strain controlled in both 

102 horizontal and vertical directions. The stress path of soil element adjacent to a pile can be 

103 performed by controlling the vertical and horizontal boundaries on the specimen in the GDS 

104 simple shear apparatus, which correspond to radical and shaft directions in the soil surrounding 

105 the pile respectively[46].

106

'n
cyc
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107 Figure 1 Analysis of soil element based on simple shear apparatus

108
109 The cylindrical reconstituted specimens with a size of 70 mm in diameter and 25 mm in 

110 height (ratio of 0.36 to minimize the effects of friction on the lateral sides), were prepared by 

111 air-pluviation method using dry sand, which is considered to approximate the natural 

112 deposition process [54]. The dry sand was pluviated out of a funnel into the mould, at the same 

113 time the funnel was continuously lifted up in order to keep a constant distance between the 
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114 outlet of the funnel and the sand surface in the mould. The specimen was confined in a soft 

115 butyl membrane with 0.2 mm thickness, itself placed against a stack of rigid rings (with 1 mm 

116 thin each) which maintains a constant cross-sectional area. On both sides, the sand is in contact 

117 with rough sintered stainless-steel plates to prevent any sliding between the top/bottom 

118 pedestals and the specimen. Note that the behaviours of dry sand and fully saturated sand are 

119 generally considered identical [55, 56].

120 During the axial cyclic loading of pile, the effective normal stress n  in soil surrounding 

121 the pile will be firstly reduced due to the cyclic accumulation of volumetric strain in contraction 

122 (according the simple theory of stress-strain  =E). Then, the lateral shear stress acting on 

123 the pile shaft f is decreased following the simple Coulomb failure criterion 

124 (f =ntan(f where f represents the friction angle of sand). Meanwhile, the external shaft 

125 capacity obtained by integrating f over the external pile area is degraded, resulting in a 

126 decrease of the bearing capacity of the pile. Therefore, the study of modelling the accumulation 

127 of volumetric strain is applicable to judge the degradation of bearing capacity of piles under 

128 cyclic axial loading.

129 2.2 Testing program

130 The drained simple shear testing was ensured by constraining a constant effective normal 

131 stress 'n on the dry specimen after K0-consolidation (or compression under one-dimensional 

132 (1D) condition), noted that this stage took two hours, then followed by the cyclic shearing stage 

133 immediately. The cyclic shear motion, inducing a cyclic shear stress cyc, was generated by the 

134 displacement of the bottom pedestal, while the top one was horizontally fixed. For cyclic 

135 loading, sine cycles with a frequency of 0.2 Hz were applied which is close to the predominant 

136 wave frequency applying to the offshore wind turbine system ranging from 0.1 Hz to 0.3 Hz[46, 

137 57]. The volumetric strain v = H/Hc was measured by the change of the specimen height 
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138 (H) during the cyclic process over the height after 1D compression (Hc). According to the 

139 experimental results with large number of cycles (e.g. 104 to 106), the volumetric strain 

140 gradually accumulates in the first 5000 cycles and then tends to be stable during cyclic loading 

141 [18, 40, 46, 58]. Therefore, Therefore, to focus on investigating the initial accumulation part 

142 of deformation development of the specimen under stress-controlled cyclic simple shearing 

143 condition, 5000 cycles were selected for all tests.  

144 To investigate the effects of different initial states and propose a general analytical model 

145 for calculating the volumetric strain accumulation, a total of 20 tests were conducted, as shown 

146 in Table 2. In order to reproduce the real state of soil around the pile, these tests can be divided 

147 into four groups as follows: (1) different initial void ratio e0 (No. 1–4) reflecting the initial 

148 shear contraction/dilation behaviour; (2) different initial normal stress n (No. 2, 5–7) 

149 corresponding to the soil around the pile at different depths; (3) different cyclic stress ratio 

150 CSR = cyc/n (No. 8–12) and (4) different average stress ratio  = ave/n (No. 2, 13–15) 

151 corresponding to the combined cyclic stress state of the surrounding soil with different average 

152 stresses. In addition, other tests (No. 16–20), with initial states that extended from those of the 

153 first 15, were conducted to validate the analytical model.

154 Table 2 Experimental program of cyclic simple shear tests

No. ei e0
Dr0 
/%

Dr 
/%

n 
/kPa

cyc 
/kPa

ave 
/kPa  CSR N

1 0.697 0.668 49.7 57.6 416 41.6 0 0 0.1 5000
2 0.651 0.628 62.1 68.2 416 41.6 0 0 0.1 5000
3 0.592 0.568 78.0 84.3 416 41.6 0 0 0.1 5000
4 0.559 0.539 86.8 92.2 416 41.6 0 0 0.1 5000
5 0.646 0.623 63.4 69.7 52 5.2 0 0 0.1 5000
6 0.649 0.627 62.6 68.5 104 10.4 0 0 0.1 5000
7 0.650 0.619 62.4 70.5 208 20.8 0 0 0.1 5000
8 0.640 0.604 65.1 74.8 416 41.6 0 0 0.1 5000
9 0.635 0.606 66.4 74.3 416 50.0 0 0 0.12 5000
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10 0.641 0.609 64.8 73.4 416 83.2 0 0 0.2 5000
11 0.635 0.601 66.4 75.4 416 104.0 0 0 0.25 5000
12 0.639 0.605 65.3 74.3 416 133.1 0 0 0.32 5000
13 0.650 0.628 62.4 68.2 416 41.6 20.8 0.05 0.1 5000
14 0.650 0.631 62.4 67.5 416 41.6 41.6 0.1 0.1 5000
15 0.650 0.629 62.4 67.8 416 41.6 83.2 0.2 0.1 5000
16 0.737 0.703 39.0 48.2 416 41.6 0 0 0.1 5000
17 0.552 0.536 88.7 93.4 416 41.6 0 0 0.1 5000
18 0.649 0.604 62.6 74.7 416 20.8 0 0 0.05 5000
19 0.639 0.606 65.3 74.2 416 166.4 0 0 0.4 5000
20 0.650 0.629 62.4 67.8 416 41.6 124.8 0.3 0.1 5000

155 Noted: ei is the initial void ratio; e0 is void ratio after 1D compression; Dr0 is initial relative 
156 density; Dr is relative density after 1D compression.
157

158 2.3 Cyclic densification

159 Based on the experimental results, the cyclic responses of specimens were first studied by 

160 plotting the stress-strain paths, as seen in Figure 2.  Four groups of cyclic volumetric strain 

161 accumulation behaviour were summarized, as follows:

162 1) For different relative densities Dr after 1D compression (Figure 2 a-b), the stress-

163 controlled cyclic shearing condition will lead to unsymmetrical accumulation of shear 

164 strain , and the looser sand corresponds to a larger level of shear strain accumulation 

165 as well as of densification;

166 2) For different normal stress levels 'n (Figure 2 c-d), with the increase in the initial 

167 normal stress 'n, the magnitude of shear strain accumulation rises and also produces 

168 a larger level of densification for sand;

169 3) For different cyclic shear stress ratios (CSR) (Figure 2 e-f), it may be observed that 

170 the shear strain  and void ratio e are highly sensitive to the amplitude of cyclic shear 

171 stress cyc, in which a greater magnitude of CSR will lead to greater shear strain 

172 accumulation as well as a larger degree of densification, especially in the initial five 
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173 cycles;

174 4) For different average shear stress ratios  (Figure 2 g-h), an increase in average shear 

175 stress will promote the accumulation of shear strain  and restrain the magnitude of 

176 densification.

177 Overall, cyclic tests reveal that the volumetric strain is regularly accumulated during cyclic 

178 loading, and that it is possible to formulate the volumetric strain accumulation based on 

179 different effects (see details of the parametric study in Section 3).

180 The shear strain accumulation also occurs under the stress controlled cyclic simple 

181 shearing. As seen in Figure 2, the shear strain has been gradually accumulated, since the 

182 direction of the loading into the first quarter of the cycle, in which the direction of accumulation 

183 is still keeping along the direction of started cyclic loading. Furthermore, the amplitude of shear 

184 strain depends on the magnitude of cyclic shear stress (cyc) where bigger shear stress results 

185 in bigger shear strain amplitude, as shown in the Figure 2 (d and f). In addition, the magnitude 

186 of shear strain amplitude decreases significantly with increasing the number of cycles during 

187 the first 100 cycles, and then trends to be stable.

188
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192 Figure 2 Summary of drained cyclic simple shear results: (a)-(b) comparisons by different 
193 initial relative densities; (c)-(d) comparisons by different effective normal stresses; (e)-(f) 
194 comparisons by different cyclic shear stress ratios and (g)-(h) comparisons by different 
195 average shear stress ratios.
196

197 3 Interpretation of experimental results 

198 3.1 Effect of relative density 

199 The effect of the relative density Dr, varying from 0.576 to 0.922 on strain accumulation 

200 v, was studied, based on tests (No. 1–4) with constant cyclic shear stress and normal stress. 

201 Figure 3 (a) demonstrates that sand with a lower relative density has a higher strain 
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202 accumulation, while Figure 3 (b) presents the volumetric strains v against the relative density 

203 Dr for selected numbers of cycles corresponding to N = 3, 10, 100, 1000, 2000 and 5000 

204 respectively. Conventionally, the positive volumetric strain is for describing contractive 

205 behaviour and the negative volumetric strain is for describing dilative behaviour. This shows 

206 that the accumulated volumetric strain v decreases linearly with the increase in relative density 

207 for each selected number in the double logarithmic coordinates, which can be expressed as:

208 (1)
1

r

c

v r
ref ref
v D r

D
D


 

 
  

 

209 where C1 is the slope of the curve in the double-logarithmic plot (C1=-0.8); this can be 

210 considered as the same for different numbers of cycles. For convenience, the reference relative 

211 density is considered as . Then six reference volumetric strains  at  in 1ref
rD 

r-
ref
v D 1ref

rD 

212 Figure 3 (b) can be obtained for six selected numbers of cycles N, which is plotted in Figure 3 

213 (c). The initial values of volumetric strain at zero number of cycles were due to the stage of 

214 initial 1D compression. Based on this linear relationship, the reference volumetric strain can 

215 be expressed by:

216  (2) 1 log 1
r

ref
v D n N   

217 in which n1 is the slope of the curve in the semi-logarithmic plot (n1=0.0017), with null 

218 volumetric strain at zero number of cycles. In Figure 3 (a), the volumetric strain is plotted from 

219 the first cycle (N=1) in the logarithmic coordinate system.

220 Substituting Eq. (2) in Eq. (1), the volumetric strain, evolving with the number of cycles 

221 and considering the effect of initial density, is finally expressed by:

222 (3) 1
1 log 1C

v rn D N  
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224 Figure 3 Volumetric strain accumulation with different relative densities: (a) volumetric 
225 strain versus number of cycles; (b) volumetric strain versus relative density; (c) reference 
226 volumetric strain versus number of cycles

227

228 3.2 Effect of normal stress level

229 The effect of the normal stress on strain accumulation, varying from 52 to 416kPa, was 

230 studied with a constant cyclic stress ratio (CSR = 0.1) and relative density (Dr = 0.68~0.7) 

231 based on tests (No. 2, 5–7). Figure 4(a) shows that sand with a higher normal stress corresponds 

232 to a higher volumetric strain accumulation; Figure 4 (b) presents the volumetric strains v 

233 versus the ratio of normalised normal stresses and atmospheric pressure (pat = 100kPa) in each 

234 selected number of cycles, corresponding to N = 2, 10, 100, 1000, 2000 and 5000 respectively. 

235 This shows that the accumulated volumetric strain v increases linearly with the increase in 

236 normal stress for each selected number, which can be expressed as:

237 (4)
2

'

'

n

C

v n
ref
v atp

 
 

 
  

 

238 where C2 is the slope of the curve in a double-logarithmic plot (C2 = 0.18), which can be 

239 considered similar for different numbers of cycles. Six reference volumetric strains  at - 'n
ref
v 

240 n = pat in Figure 4 (b) can be obtained for six selected numbers of cycles N. 

241 Figure 4 (c) presents the relationship between the reference volumetric strain and the 

242 number of cycles N in semi-logarithmic coordinates, which can be expressed by:
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243 (5) - ' 2 log 1
n

ref
v n N  

244 where n2 is the slope of the curve in a semi-logarithmic plot with null volumetric strain at zero 

245 number of cycles (n2 = 0.0008). The evaluation of volumetric strain with number of cycles, 

246 considering the effect of normal stress, can ultimately be expressed as follows,

247 (6) 
2

2
' log 1

C

n
v

at

n N
p


 

  
 
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249 Figure 4 Volumetric strain accumulation with different normal stress level: (a) volumetric 
250 strain versus number of cycles; (b) volumetric strain versus normal stress level; (c) reference 
251 volumetric strain versus number of cycles

252

253 3.3 Effect of cyclic shear stress ratio

254 The effect of CSR (= cyc/n) on volumetric strain v, varying from 0.1 to 0.32, was studied 

255 based on tests (No. 8–12) with constant normal stress (n = 416kPa), null average shear stress 

256 and constant relative density (Dr = 0.73~0.75). Figure 5(a) shows that sand with a higher cyclic 

257 stress ratio corresponds to a higher rate of cyclic volumetric strain accumulation. To minimise 

258 the effects of normal stress and relative density, the volumetric strain v was first normalised 

259 by the density-related function (Eq. (1)) and normal stress-related function (Eq. (4)), as shown 

260 in Eq. (7). Then, the normalized volumetric strain could be used to compare the cases v

261 between different CSRs (noted that all tests (No. 8–12) have performed with the same normal 
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262 stress level, the normalization of minimize the effects of normal stress is not necessary in this 

263 case.

264  (7)
  21 '

v
v CC

r n atD p







265 Figure 5 (b) shows the normalised volumetric strains  versus the CSR for selected v

266 numbers of cycles, corresponding to N = 3, 10, 100, 1000, 2000 and 5000, respectively, in 

267 which selecting the normalized volumetric strain (Eq. (7)) as y-axis is to reduce the effects v

268 of relative density and initial normal stress. This denotes that the relationship between 

269 normalised volumetric strains and CSRs for a selected cyclic number can be expressed as 

270 follows:

271 (8)-
3

ref
v CSR

v C CSR  

272 where C3 is a constant (C3 = 0.031), and the slope corresponds to the volumetric strain related 

273 state parameter , which representing the change in the normalized volumetric strain with -
ref
v CSR

274 changes in the cyclic stress ratio. Six reference volumetric strains related state parameter  -
ref
v CSR

275 were plotted against the selected numbers of cycles N in Figure 5 (c), which can be expressed 

276 by Eq.(9):

277 (9)  5

- 4
Cref

v CSR C N  

278 where C4 and C5 are CSR-related parameters obtained by fitting the curve (C4 = 1.715 and C5 

279 = -0.1).

280 The normalized accumulated volumetric strain, taking into account the effect of CSR, can 

281 finally be derived by substituting Eq. (9) into Eq. (8), as follows:
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282  (10)  5
4

3  
CC N

v C CSR

283 Thus, the accumulated volumetric strain accounting for the effects of soil density, normal stress 

284 level and CSR can be obtained by substituting Eq. (10) into Eq. (7),

285  (11)    52 41
3'     

CC C NC
v r n atD p C CSR
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287 Figure 5 Volumetric strain accumulation with different cyclic stress ratio: (a) volumetric 
288 strain versus number of cycles; (b) normalized volumetric strain versus cyclic shear stress 
289 ratio; (c) reference volumetric strain versus number of cycles

290

291 3.4 Effect of average shear stress ratio

292 The effect of the average shear stress ratio  (= ave/n) on volumetric strain v, varying 

293 from 0 to 0.2, was studied based on tests (No. 2, 13–15) with constant normal stress and CSR. 

294 The initial average shear stress is reached in drained condition. Figure 6 (a) shows that sand 

295 with a higher average shear stress corresponds to a lower rate of volumetric accumulation. 

296 Figure 6 (b) presents the normalised volumetric strains  calibrated by Eq. (7) versus the v

297 average stress ratio, in the selected numbers of cycles corresponding to N = 2, 10, 100, 1000, 

298 2000 and 5000. The accumulated, normalised volumetric strain  can be expressed by Eq. v

299 (12):

300 (12)  0
ref

v v v 
   

  
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301 where  is the accumulated volumetric strain for the case with zero average shear stress   0v 




302 expressed by Eq. (10). The volumetric strain related state parameter  corresponds to the -
ref
v 

303 change in the normalized volumetric strain with the changes in the average shear stress ratio. 

304 This shows that the slope decreases from positive to negative with the increase in numbers of 

305 cycles.

306 Figure 6 (c) presents the relationship between the six reference volumetric strains related 

307 state parameter and the selected numbers of cycles N, which can be fitted by the linear ref
v  

308 expression in semi-logarithmic coordinates, per Eq. (13):

309 (13) 6 7log 1ref
v C N C    

310 where C6 and C7 are average shear stress ratio-related parameters (C6 = -0.0013 and C7 = 

311 0.0043). Substituting Eq. (13) into Eq. (12), the volumetric strain, evolving with the number of 

312 cycles and considering the effect of average shear stress, is finally expressed as follows:

313  (14)   5
4

3 6 7log 1       
CC N

v C CSR C N C
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315 Figure 6 Volumetric strain accumulation with different average shear stress ratio: (a) 
316 volumetric strain versus number of cycles; (b) normalized volumetric strain versus average 
317 shear stress ratio; (c) reference volumetric strain versus number of cycles

318

319 3.5 Final analytical model 
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320 All above experimental investigation demonstrates that the cyclic volumetric strain 

321 accumulation depends on four key factors: relative density, normal stress level, CSR and 

322 average shear stress ratio. Four reference strains ( , ,  and ) have no 
r-

ref
v D - 'n

ref
v  -

ref
v CSR -

ref
v 

323 physical meaning, and can be eliminated during formula derivation. Overall, a general 

324 analytical model can be derived by substituting Eq. (14) into Eq. (7), as follows:

325  (15)  
2

5
1 4

3 6 7
' ln +1

C
C

C C Nn
v r

at

D C CSR C N C
p

           

326 The Eq. (15) for the volumetric strain consists of two summands. The first summand 

327 describes the volumetric strain accumulation affected by the cyclic shear stress ratio CSR, while 

328 the second summand captures the effect of the average shear stress ratio . As the boundary, 

329 zero CSR gives zero of the first summand, and a non-zero  of the second summand at N=0 

330 still gives volumetric strain “•C7” which is mobilized during shear (i.e. shear stress dilatancy).

331 4 Calibration and validation 

332 Based on above interpretations, all input parameters of the analytical model are 

333 summarised in Table 3, which can be calibrated by using training tests as shown in Figures 3-

334 6. To show the performance of the proposed analytical model, the previous training tests were 

335 selected to replicate the volumetric strain accumulation during cyclic loading, as shown in 

336 Figure 7. Through comparison of the experimental results in Figures 3-6, it is shown that the 

337 calculated curves are in good agreement with experimental results. Moreover, the basic 

338 characteristics of volumetric strain accumulation, considering all these effects, can be 

339 summarised as follows:

340 1) For different relative densities (Dr) with CSR = 0.1, the accumulation ratio gradually 

341 decreases with the increase in density (Figure 7(a)). 
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342 2) The effect of the initial normal stress n is similar to the effect of relative densities 

343 (Dr); that is, the accumulation ratio gradually rises with increasing normal stress 

344 (Figure 7(b)).

345 3) For CSRs, a greater value will produce a larger accumulation from the first cycle to 

346 the subsequent 5000 cycles, which means that the volumetric strain is highly sensitive 

347 to the CSR throughout the cyclic process (Figure 7(c)). 

348 4) For the average shear stress ave, higher value of ave results initially in a higher 

349 volumetric strain, but gives a smaller evolution of volumetric strain with the number 

350 of cycles (Figure 7(d)).

351 Furthermore, five additional tests (No. 16–20) with different initial density, cyclic shear 

352 stress ratio and average shear stress ratio from the previous first 15 training tests were simulated, 

353 using the calibrated parameters, to verify the applicability of the analytical method. A good 

354 agreement between the predictions and experiments can be found in Figure 8, which indicates 

355 that the analytical model can successfully describe the cyclic responses in terms of volumetric 

356 strain.

357 Figure 9 presents the experimental results regarding evolution of the volumetric strain 

358 with cyclic loading from 10 to 5000 cycles, based on six groups including different 

359 combinations of the key factors Dr, n, CSR and . The volumetric strain surfaces, as 

360 calculated by the analytical model, were first plotted in conjunction with the experimental 

361 results to evaluate the combined effects in multi-dimensional space. 

362 According to the six groups’ results, we may see that, with increasing cyclic numbers, the 

363 calculated volumetric strain-related surface gradually enlarges along the axis of volumetric 

364 strain and gradually shrinks along the axis of the average shear stress ratio . The most sensitive 

365 combined-effects group is a combination of Dr and CSR, as shown in Figure 9 (b), in which 
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366 the surface enlarges rapidly and forms a highly steep slope along both the Dr and CSR 

367 directions. In addition, the least sensitive combined-effects group is the combination of Dr and 

368 n, as seen in Figure 9 (f) where the volumetric strain surface is enlarged almost in parallel 

369 with the cyclic number.

370 Table 3 Summary of the empirical function with parameters of Fontainebleau sand 

Function Parameters

Dr related function
  1Cref

den r rf D D C1 -0.8

n related function
  2' ' C

nor n atf p C2 0.18

C3 0.031

C4 1.715
CSR related function

5
4

3

CC N
CSRf C CSR  

C5 -0.100

C6 -0.0013 related function
 6 7lnf C N C   

C7 0.0043

371
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373 Figure 7 Performance of analytical model: (a) calibration with different relative densities; (b) 
374 calibration with different effective normal stresses; (c) calibration with different cyclic shear 
375 stress; (d) calibration with different average shear stress
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378 Figure 8 Validation of the analytical model by five additional tests No.16-20
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381
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382 Figure 9 Volumetric strain accumulation evolution with 10, 100 and 4000 cycles for different 
383 effects of (a)  and CSR, (b) Dr and CSR, (c) n/pat and CSR, (d) Dr and , (e) n/pat and  
384 and (f) n/pat and Dr
385

386 5 Discussion 

387 Herein, Fontainebleau sand NE34, as a geotechnical reference siliceous material, has been 

388 selected to develop an analytical model of cyclic strain accumulation accounting for important 

389 factors [25, 47, 48, 51]. The simple shear tests for various factors are designed according to the 

390 deformation behaviour of soil element around the pile [5, 7, 20]. the cyclic experimental results 

391 show that the regularly volumetric strain accumulates under different initial states, and the 

392 interpretation of results indicates that the effects of the four key factors can be respectively 

393 formulated through a simple expression Eq. (15). The results about the effects of cyclic shear 

394 stress ratio and initial relative density on the strain accumulation are also consistent with 

395 Nikitas et al. [46], which emphasise the cyclic degradation behaviour. The analytical model 

396 Eq. (15) was proposed based on stress-controlled simple shear tests which can be control by 

397 stress amplitude and can well simulate the cyclic loading condition in offshore engineering. 
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398 This is different from the strain degradation model of Wichtmann et al. [18] focusing on the 

399 effects of strain amplitude coupling with other factors since their tests were strain-controlled. 

400 A multi-dimensional sensitivity analysis was performed based on the analytical model. As 

401 shown in Figure 9, the accumulation of volumetric strain is greatly enhanced by CSR and 

402 resisted by average shear stress. The most sensitive combined group is the combination of Dr 

403 and CSR. The least sensitive combined group is the combination of Dr and n.

404 It should be pointed out that, the developed analytical equations are also applicable for 

405 other types of tests (e.g. triaxial tests, direct shear tests and hollow cylinder tests), and the 

406 prerequisite can be based on the owning parameters calibrated from their respective tests. Note 

407 that, it is also possible to extend the proposed model to general stress space after being 

408 calibrated by different types of tests implying different stress conditions. In this sense the 

409 proposed model is an important base.

410  

411 6 Conclusion 

412 This work is focused on an investigation of the strain accumulation behaviour of a soil 

413 element subjected to a long-term cyclic loading under drained simple shear condition, which 

414 can be used to interpret the cyclic strain accumulation of soil adjacent to the pile. To achieve 

415 this objective, certain key conclusions were drawn:

416 1) The constant normal stress cyclic simple shear tests can replicate the key response 

417 of cyclic strain accumulation considering different initial states, namely relative 

418 density (Dr), normal stress (n), cyclic shear stress (CSR) and average shear stress 

419 (). The strain accumulation is highly sensitive to the state of CSR, with a larger 

420 magnitude of CSR (more than 0.2) resulting in a larger level of densification. The 

421 most sensitive factors followed are Dr and n, and for Fontainebleau sand the 
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422 magnitudes of Dr = 39% (loose sand) and n = 416 kPa correspond to relatively 

423 large densification potential. Moreover, a low magnitude of  (e.g.  = 0.05) can 

424 restrain the densification.

425 1) The interpretation of experimental results indicates that the accumulation of 

426 volumetric strain is effected by four initial states (Dr, n, CSR, ), which was used 

427 to formulate four key factors related equation. 

428 3)   An analytical model of volumetric strain accumulation was developed, considering 

429 the abovementioned four effects. The parameters can be calibrated based on training 

430 tests. The applicability of the model was validated by predicting the remainder of the 

431 tests with the calibrated parameters.

432 This work focused on the study of four factors (initial void ratio, initial normal stress, 

433 cyclic shear stress and average shear stress) on the volumetric strain developed during cyclic 

434 loading, which will be extended for other influencing factors (the characteristics of phase 

435 transformation, drainage dependence, saturation, frequency etc.). Future work will focus on 

436 extending the 1-D equation to a model with full tensor.

437 Note that Fontainebleau sand NE34 is a very well-known and widely adopted geotechnical 

438 reference siliceous sand, and thus the results achieved in this study is representative. But other 

439 standard sand will be adopted for tests in the near future to further validate the behaviour and 

440 the model performance.
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584 Figure captions

585 Figure 1 Analysis of soil element based on simple shear apparatus

586 Figure 2 Summary of drained cyclic simple shear results: (a)-(b) comparisons by different 

587 initial relative densities; (c)-(d) comparisons by different effective normal stresses; 

588 (e)-(f) comparisons by different cyclic shear stress ratios and (g)-(h) comparisons by 

589 different average shear stress ratios. 

590 Figure 3 Volumetric strain accumulation with different relative densities: (a) volumetric strain 

591 versus number of cycles; (b) volumetric strain versus relative density; (c) reference 

592 volumetric strain versus number of cycles

593 Figure 4 Volumetric strain accumulation with different normal stress level: (a) volumetric 

594 strain versus number of cycles; (b) volumetric strain versus normal stress level; (c) 

595 reference volumetric strain versus number of cycles

596 Figure 5 Volumetric strain accumulation with different cyclic stress ratio: (a) volumetric strain 

597 versus number of cycles; (b) normalized volumetric strain versus cyclic shear stress 

598 ratio; (c) reference volumetric strain versus number of cycles

599 Figure 6 Volumetric strain accumulation with different average shear stress ratio: (a) 

600 volumetric strain versus number of cycles; (b) normalized volumetric strain versus 

601 average shear stress ratio; (c) reference volumetric strain versus number of cycles

602 Figure 7 Performance of analytical model: (a) calibration with different relative densities; (b) 

603 calibration with different effective normal stresses; (c) calibration with different cyclic 

604 shear stress; (d) calibration with different average shear stress

605 Figure 8 Validation of the analytical model by five additional tests No.16-20

606 Figure 9 Volumetric strain accumulation evolution with 10, 100 and 4000 cycles for different 

607 effects of (a)  and CSR, (b) Dr and CSR, (c) n/pat and CSR, (d) Dr and , (e) n/pat 

608 and  and (f) n/pat and Dr

609


