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1. Partially drained cyclic tests with low stress and high cycle number was performed.
2. Effect of microstructure reconstruction on permeability of soil was revealed. 
3. Resilient and permanent strain behavior were investigated.
4. Permanent strain was correlated with stress states by simple approach.
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28 ABSTRACT:

29 The dynamic responses of granular materials subjected to cyclic loading under partially drained 

30 condition were seldom investigated, though the partially drained condition is commonly 

31 existing for the granular materials that locate nearby the drainage boundaries. Besides, the 

32 prevalent studies mainly focus on the liquefaction behaviour of granular materials under high 

33 stress levels. In this study, a granular fill material was chosen as testing material. A series of 

34 partially drained cyclic triaxial tests was conducted with low level of cyclic loading and high 

35 cycle number that are commonly experienced in the geostructures of transportation projects. 

36 Note that the cyclic triaxial test under partially drained condition is a model test rather than an 

37 element test since the distribution of excess pore water pressure is not homogeneous inside the 

38 specimen. The test results show that cyclic loading induces the reconstruction effect on the 

39 microstructure of the specimen, thereby changing the trend between permeability and void ratio. 

40 Under partially drained condition, the granular fill material normally experiences a sudden 

41 decrease of stiffness and a quick increase in deformation during the first cycles of loading, 

42 followed by gradually decreasing excess pore water pressure and stabilizing deformation. 

43 Importantly, the deformation response of the material can be contributed by two items: (a) that 

44 caused by densification effect of applied cyclic loading and (b) that due to the dissipation of 

45 excess pore water pressure. Two linear relationships were established to correlate the 

46 deformations with excess pore water pressure and applied cyclic loading. 

47

48 Keywords: cyclic triaxial tests, granular material, partially drained, excess pore water pressure, 

49 permanent strain.



50 1. Introduction 

51 In the last several decades, significant progress has been advanced in understanding the 

52 rationales underlying the macroscopic responses of the saturated granular materials under cyclic 

53 loading. Most of the studies were conducted by implementing cyclic triaxial tests, in which the 

54 granular materials were compressed or extended under drained or undrained condition [1-11]. 

55 The granular materials are widely adopted as filling materials in transport infrastructures, such 

56 as pavement, ballasted and ballastless railways [9, 12-14]. One of the main functions of these 

57 granular materials is to provide drainage paths to drain the rainwater due to their relatively high 

58 permeability. Therefore, under the traffic loading, the granular materials are frequently serving 

59 in a partially drained condition, in which the build-up of excess pore water pressure and 

60 drainage of water in the granular materials occur simultaneously. The partially drained 

61 condition commonly exists in the granular materials that locate nearby the drainage boundaries, 

62 such as the surface of highway and railway embankment and the gravel or sand drains in the 

63 treated ground. Compared with the behaviour of granular materials under drained or undrained 

64 condition, their behaviour under partially drained condition is complexed by a coupling effect 

65 of a) decrease of effective confining pressure due to the increase of excess pore water pressure, 

66 and b) volumetric contraction due to the drainage of water. This coupling effect may further 

67 induce an excess settlement and a loss in bearing capacity, which will probably decrease the 

68 stability or even result in the failure of the geostructures. 

69

70 Relative to the studies on granular materials, more studies, though not many, have been 

71 conducted on the cyclic behavior of cohesive soils under partially drained condition. Hyodo et 

72 al. [15] stated that the soft clay beneath nearshore or offshore structures and railway 

73 embankment are subjected to a long-term cyclic wave and traffic loadings, thereby inducing 

74 the alternate repetition between the generation and dissipation of excess pore pressure. A series 

75 of cyclic triaxial tests with the variation of cyclic deviator stress were conducted. They proposed 

76 a prediction model to describe the behaviour of clay in partially drained condition by calculating 

77 the excess pore water pressure based on the results of undrained cyclic triaxial tests combined 



78 with the theory of consolidation. Sakai et al. [16] implemented a series of cyclic triaxial tests 

79 on silty clay under drained and undrained conditions, then, modified and validated the model 

80 by Hyodo et al. [15] to incorporate the non-linear compressibility of soil. Indraratna et al. [17] 

81 conducted a series of large-scale cyclic triaxial tests on kaolinite clay with prefabricated vertical 

82 drain (PVD) installed in the center of the specimen under undrained and partially drained 

83 conditions. The results of tests indicate that PVD assists in the dissipation of excess pore water 

84 pressure in the specimen, the rate of which depends on the distance to the drain. However, the 

85 above-mentioned tests only investigated the effect of effective confining pressure and cyclic 

86 deviator stress on the behaviour of cohesive soil under partially drained condition. 

87

88 Few attentions have been paid on the cyclic behaviour of granular materials under partially 

89 drained condition. After analyzing a group of cyclic undrained and partially drained triaxial 

90 tests on Toyoura sand, Yamamoto et al. [18] found that the initial liquefaction only occurs after 

91 reaching a certain limit of cyclic shear stress ratio (cyclic deviator stress over the double of 

92 effective confining pressure). Moreover, they concluded that permeability, drainage length, and 

93 loading frequency are three core factors that control the liquefaction potential of the sand under 

94 partially drained condition. A significant decrease in permeability of sand under dynamic 

95 compaction was observed by Chapuis et al. [19]. Mangal [20] highlighted the effect of dilatancy 

96 of sand on the build-up of excess pore water pressure in partially drained cyclic physical model 

97 test of shallow foundation. 

98

99 Based on the above review, it can be seen that the existing studies about the cyclic behaviour 

100 of geomaterials under partially drained condition are limited to cohesive soil and clean sand 

101 with a narrow gradation. Furthermore, the above studies normally paid more attention to the 

102 cyclic strength of the geomaterials, particularly focusing on the critical shear stress ratio that 

103 induces the failure of cohesive soils and the liquefaction (cyclic mobility) of sand, in which the 

104 stress and strain levels are high. In contrast, for the granular material layers in transport 

105 infrastructure, firstly, the static and cyclic stress levels are normally much lower than the 



106 corresponding failure strength; secondly, the control limit of axial strain is strictly low; thirdly, 

107 a large number of cyclic loading will be experienced in the service life. Therefore, the cyclic 

108 behaviour of granular materials that are adopted as filling materials in transport infrastructures 

109 under partially drained condition is still an open question. 

110

111 In this study, a poorly-graded coarse-grained soil is adopted as the testing material. A detailed 

112 characterization of soil at micro and macro scale was implemented and presented. Then, three 

113 static compression tests were conducted on the saturated specimens under drained condition.  

114 Subsequently, a series of cyclic triaxial tests on the saturated soil specimens under partially 

115 drained condition with variations of initial effective confining pressure ( ) , cyclic deviator '
3

116 stress (qcyc), frequency (f), cycle number (N), and consolidation stress ratio ( ). The ' '
1 3/ 

117 changes of excess pore water pressure (∆u), resilient modulus (Mr), permanent volumetric and 

118 axial strains (∆εv and ∆εa), and the Poisson’s ratio (υ) during cyclic loading tests will be 

119 presented and discussed. Several specimens subjected to cyclic loading were followed by 

120 drained static compression tests to evaluate the post-cyclic behaviour of the specimen. This 

121 investigation was aimed to provide a detailed database of experimental evidence of partially 

122 drained behaviour of granular fill materials in transport infrastructures.

123

124 2. Testing material, specimen preparation, apparatus and scheme

125 Testing material

126 The tested granular soil is a filling material, that is adopted in the high-filled embankment of 

127 an airport. The soil is classified as poorly-graded gravel with sand according to ASTM D 2487-

128 06 [21]. Note that all particles larger than 20 mm in diameter were removed by sieving. Figure 

129 1 shows the particle size distribution curve of the tested fill material after scaling. The scaled-

130 down soil was first divided into eight groups characterized by eight particle size ranges: 10–20 

131 mm, 5–10 mm, 2–5 mm, 0.3–2 mm, 0.212–0.3mm, 0.15–0.212 mm, 0.063–0.15mm, and 

132 <0.063 mm. For the soil specimens in characterization and triaxial tests, the predetermined mass 

133 of each group size was weighed and mixed together, according to the particle distribution curve 



134 as shown in Figure 1. The basic index values are listed in Table 1. 

135

136 For better understanding the soil behaviour at the particle scale, microhardness of single 

137 particles was measured. Several particles from the size range of 2-5 mm were selected and cast 

138 by Epoxy to form a sliced specimen. Then, the sliced specimen was carefully polished by a 

139 grinding&polishing equipment (Buehler AutoMet 250) until the soil particles were clearly 

140 exposed to the air [22, 23, 24]. Figure 2(a) presents a typical microscopic view of the cross-

141 section of a single soil particle. The soil particle comprises angular particles (bright areas) and 

142 the bonding materials (dim areas). The measurements were repeated for dry and saturated 

143 specimens. Figures 2(b) and 2(c) show the typical indentations on bright angular particles and 

144 bonding materials. As shown in Figure 3(a), when the soil particles are air-dried, the average 

145 Vickers microhardness (VM) of bright particles and bonding materials are 1387.1 kg/mm2 and 

146 66.5 kg/mm2, respectively. Combined with the analysis of the content of oxide by X-ray 

147 fluorescence (XRF) test, as listed in Table 2, it is reasonable to conclude that the bright angular 

148 particles and bonding materials are quartz and clay minerals, respectively. Figure 3(b) shows 

149 that the VM values of bright particles and bonding materials will decrease to 1317.7 kg/mm2, 

150 and 23.3 kg/mm2, respectively, after saturation. The electron microscope scan of a typical 

151 particle is shown in Figure 4. It clearly shows that the particle is a clump of agglutinated 

152 materials, including angular particles and the attached small sheets. Therefore, it can be inferred 

153 that the compression of the specimen is accompanied by particle crushing due to the 

154 disaggregation of clay minerals under the effects of loading and soaking [25]. 

155

156 Specimen preparation

157 According to the particle size distribution curve shown in Figure 1, the oven-dried soil in 

158 predetermined mass from each size group was weighed and mixed together. Subsequently, the 

159 de-aired water was added into the soil to achieve the optimum water content. After mixing 

160 thoroughly, the soil was matured for at least 24 hrs. Then, the matured soil was compacted in a 

161 mold with an internal diameter of 100 mm using a rotary hammer in five layers. Each soil layer 



162 was compacted to achieve a height of 40 mm and a target dry density of 1.87 Mg/m3 (88% of 

163 MDD). After finishing the compaction of each layer, the surface of the layers was scratched to 

164 ensure proper bonding with the subsequent soil layer.

165

166 Testing apparatus and scheme

167 An electro-hydraulically actuated servo-controlled loading apparatus (GCTS, USA) was 

168 utilized for the cyclic triaxial tests. For each triaxial specimen, as shown in Figure 5, two high-

169 precision Linear Variable Differential Transformers (LVDTs) (RDP, UK) were attached at 

170 diametrically opposite sides of specimen for measuring the local vertical strain. For each 

171 specimen consolidated under an effective confining pressure of 100 kPa, a new LVDTs-based 

172 radial strain measurement device was attached at the middle height of the specimen. The new 

173 device is capable of measuring radial strain of specimen under both static and cyclic loadings. 

174 The details of this system are systematically introduced in Chen et al. [26]. With the results of 

175 radial strain, the Poisson’s ratio can be calculated. The test scheme is listed in Table 3. Three 

176 levels of initial effective confining pressure (50, 100, 200 kPa) were selected in consolidation 

177 stage for static and cyclic triaxial tests. For three static compression tests, the specimens were 

178 sheared under drained condition. The effects of loading frequency and consolidation stress ratio 

179 are only investigated on the specimens consolidated under 100 kPa initial effective confining 

180 pressure. In the cyclic triaxial test, a series of stepwise-increased cyclic deviator stresses at an 

181 interval of 25 or 30 kPa was applied. The stress paths for cyclic tests are presented in Figure 6. 

182 Considering the control limit of axial strain in transport infrastructure is quite strict, especially 

183 for the pavement of airport and the embankment of railway, the stepwise-increased cyclic 

184 loadings were stopped after the accumulated (permanent) axial strain of the specimen reached 

185 3 to 4 %. For each level of cyclic loading, 10000 loading cycles were applied. Note that post-

186 cyclic compression was conducted in drained condition after the completion of cyclic loading 

187 for three specimens such that the post-cyclic strength and deformation behaviour can be 

188 evaluated. For the specimen consolidated under 200 kPa, the isotropic consolidation stress was 

189 increased step by step. The permeability tests were conducted after each stage of consolidation 



190 and cyclic loading to determine the relationship between void ratio and permeability.

191

192 To facilitate the saturation of specimens, all the specimens were flushed by Carbon Dioxide for 

193 20 minutes. Then, the de-aired water was introduced from the bottom of the specimens to 

194 occupy the majority of voids in the specimen under the cell pressure of 25 kPa. Lastly, the back 

195 pressure saturation method was adopted to achieve a minimum B-value of 0.97. The typical 

196 changes of volumetric strain, axial strain and radial strain of one specimen during introducing 

197 water, which is also called collapse deformation, are presented in Figure 7. It can be seen that 

198 all the strains increase quickly at the beginning, then gradually tend to level off. Chen et al. [27] 

199 prepared the specimens with the same material and followed the same procedure. They stated 

200 that the matric suction of the specimens after compaction ranged from 20 kPa to 40 kPa and the 

201 air entry value on the drying path was 1.8 kPa. Therefore, the changes of strains can be inferred 

202 to be mainly induced by the release of matric suction. The strain levels showed in Figure 7 also 

203 indicate that the tested material is not prone to collapse under wetting. 

204

205 Note that during cyclic loading, the drainage valve at the bottom of the specimen was kept open 

206 and excess pore water pressure of specimen was measured at the top of specimen. Therefore, 

207 the cyclic triaxial test resembles a model test rather than an element test since the distribution 

208 of excess pore water pressure is not homogeneous inside the specimen.

209

210 3. Test results and discussions

211 Hydraulic conductivity of tested granular fill material

212 For the specimen consolidated under 200 kPa, a series of stepwise-increased isotropic effective 

213 confining pressures (10 kPa, 20 kPa, 50 kPa, 100 kPa, 150 kPa, and 200 kPa) was applied. At 

214 each stage of loading, the vertical permeability of the specimen was measured after the 

215 completion of consolidation. Four levels of constant water head difference were maintained 

216 between the top and bottom of the specimen to determine the permeability at one stress state, 

217 then the average value of permeability was calculated. The corresponding void ratio was 



218 calculated based on the initial void ratio and the water volume draining out from the specimen 

219 under cyclic loadings. The same approach was applied to determine the permeability of the 

220 specimen after each stage of cyclic loading. Figure 8(a) shows the relationship between the 

221 permeability and void ratio under isotropic consolidation. The blanked circle dots represent the 

222 measured results and the solid fitting line shows that the logarithmic value of permeability 

223 decreases almost linearly with decreasing void ratio. Other five sets of data from literature are 

224 plotted in Figure 8(a) for comparison. It can be seen that the permeability level of the tested soil 

225 locates between that of uniformly-graded clean sand (silica sand or Toyoura sand) and the silt 

226 or silty sand, though the particles with diameter larger than 1 mm account for more than 50% 

227 in mass. This proves that the permeability is more dominated by the existence of the finer 

228 particles. For one specific soil, the void ratio plays a significant role in its drainage capacity, 

229 which inversely influences the compressibility of the soil, i.e. the change of void ratio. 

230

231 As shown in Figure 8(b), an obvious sudden change occurs for the permeability after the lowest 

232 cyclic loading (25 kPa) is applied. Then the trend of permeability with void ratio differs greatly 

233 with that under multi-stage isotropic loading. It can be seen that the decreasing rate of 

234 permeability with the void ratio under cyclic loading increases compared to that under isotropic 

235 loading. This is possibly induced by the reconstruction effect from cyclic loading on the 

236 microstructure of specimen, which is presented by the increase of micro-pores and the decrease 

237 of macro-pores. The disaggregation of particles of the tested soil is aggravated under cyclic 

238 loading, leading to an increase in the percentage of fine particles and further resulting in the 

239 increase of micro-pores. It can be concluded that the change of particle size distribution curve 

240 (the crushing behavior of particles), except the change of void ratio, should be taken into 

241 account when investigating the hydraulic conductivity of one specific soil. 

242

243 Static compression and post-cyclic strength

244 Figure 9 shows the stress-strain behaviour of the specimens with and without cyclic loading. 

245 For the specimens with cyclic loading, the deviator stress rose from zero point since the cyclic 



246 deviator stress was totally released before compression commenced. It can be seen that the 

247 initial modulus of post-cyclic compression curve is much higher than that of the specimen 

248 compressed under the same pressure without cyclic loading. Moreover, the strain level of the 

249 turning point, at which the deviator stress starts to level off, becomes smaller in the post-cyclic 

250 compression cases. Importantly, the maximum deviator stresses for the specimens consolidated 

251 under 50 kPa, 100 kPa and 200 kPa decreased by 15.5%, 9.6% and 13.9 %, respectively. This 

252 finding shows that the tested fill material degrades due to cyclic loading so that the design 

253 parameters for the embankment based on the conventional triaxial tests without cyclic loading 

254 are on the unsafe side. Therefore, the stability problem of the geostructure should take the effect 

255 of cyclic loading into consideration.

256

257 Excess pore water pressure

258 As mentioned in Section 2, the cyclic tests in this study resemble more a model test rather than 

259 an element test such that the pore water pressure distribution is not homogeneous throughout 

260 the specimen. Note that the build-up of excess pore water pressure corresponding to the cyclic 

261 loading is quite complex under partially drained condition. The profile of excess pore water 

262 pressure along the height of the specimen keeps varying from time to time depending on the 

263 stress level, loading frequency, void ratio, drainage path distance, and the change of particle 

264 size distribution. Based on the assumption adopted by Hyodo et al. [15], the pore water pressure 

265 measured at the top of the specimen can be reasonably regarded as the maximum one in the 

266 specimen due to its longest drainage path to the draining boundary, which is located at the 

267 bottom of the specimen. Figure 10 shows the build-up of excess pore water pressure of all 

268 specimens under cyclic loading. As the cyclic deviator stress is relatively small, the tests were 

269 all stopped before the liquefaction was triggered, i.e., the excess pore water pressure is equal to 

270 the initial effective confining pressure. It can be observed that the excess pore water pressure 

271 shoots up to a high level, then followed by a gradual decrease. Figure 10(a) shows the build-up 

272 of excess pore water pressure under different levels of confining pressure and the same loading 

273 frequency of 1 Hz. Unexpectedly, the maximum excess pore water pressure occurred when the 



274 specimen was consolidated under 50 kPa and subjected to a cyclic loading of 50 kPa. The 

275 transient high level of excess pore water pressure dropped down to a small level immediately. 

276 This dramatic change possibly resulted from the relatively high compressibility or high void 

277 ratio, which led to an instant volume contraction of the specimen. Then the high permeability 

278 enabled a quick dissipation of excess pore water pressure. If the excess pore water pressure is 

279 normalized by the initial effective confining pressure, it can be concluded that higher initial 

280 effective confining pressure increases the resistance to the build-up of excess pore water 

281 pressure. As shown in Figure 10(b), the higher loading frequency results in the higher maximum 

282 value of excess pore water pressure. With the increase of cyclic deviator stress, the specimens 

283 loaded under 0.25, 0.5 and 1 Hz showed a general decreasing trend of maximum pore water 

284 pressure. However, the specimen with cyclic loading of 2 Hz obtained its highest excess pore 

285 water pressure when the cyclic deviator stress of 130 kPa was applied, showing that the 

286 increasing frequency and cyclic stress level are two adverse factors in evaluating the 

287 liquefaction resistance or stability problem of the layer of fill materials in the embankment. For 

288 railway engineering projects, fortunately, the high-speed passenger trains normally exert low 

289 levels of dynamic stress on the subgrade, while heavy freight trains normally run at slow speed. 

290 On the contrary, it is necessary to consider the combined effects of high stress level and loading 

291 frequency for the embankment of the airport, which will experience the transient high level of 

292 dynamic stress of high frequency during the landing and take-off of the airplanes. Figure 10(c) 

293 shows that a slightly higher level of excess pore water pressure is reached for the specimens 

294 consolidated under a higher consolidation stress ratio. It can be speculated that this small 

295 difference is mainly due to the smaller void ratio, which represents the lower permeability.

296

297 Resilient modulus

298 Resilient modulus is defined as the ratio of the amplitude of cyclic deviator stress to the 

299 recoverable axial strain in one loading cycle. It is a fundamental parameter to describe the 

300 stiffness of soil under cyclic loading and commonly adopted for characterizing the compacted 

301 fill materials in substructures of pavement or railway [12, 14]. Figure 11 presents the variation 



302 of Mr with increasing cycle number under different stress states. As can be observed in Figure 

303 11(a), with the same loading frequency of 1 Hz, Mr generally becomes larger under higher 

304 confining pressure, which confirms with the findings by the majority of studies [e.g. 30, 31]. It 

305 can also be noted that the cyclic deviator stress is less influencing to Mr compared to the 

306 confining pressure for this specific granular fill material. When a higher level of cyclic loading 

307 is applied, Mr shows a sudden decrease in the first several loading cycles, then followed by a 

308 gradual increase until a stable state is achieved. The sudden decrease is most significant for the 

309 specimen under the confining pressure of 50 kPa. This is in accordance with the trend of the 

310 build-up of excess pore water pressure, which decreases the effective confining pressure 

311 sustained by soil skeleton, thereby facilitating the interparticle slip and skeleton deformation. 

312 After the dissipation of excess pore water pressure, the soil specimen regains stiffness due to 

313 the increase of effective confining pressure. This indicates that the granular fill material at the 

314 top part of the subgrade is prone to fail at low effective confining pressure. Furthermore, with 

315 the development of rutting and the possible particle suffusion in gap-graded granular materials, 

316 the effective confining pressure will decrease further due to the drop of bulk density or unit 

317 weight. When coupling with saturated condition, the stability problem of the surface part will 

318 be fatal to the serviceability of the whole embankment. As for the effect of consolidation stress, 

319 it shows a slight strengthening effect on the resilient modulus when the cyclic deviator stress is 

320 relatively small (from 20 to 100 kPa), as shown in Figure 11(c). The higher consolidation stress 

321 would lead to a more densely contacted soil particle structure, in which the average area of each 

322 contact point is increased, and the macroscopic compressibility of the soil specimen is 

323 decreased. The increasing cyclic deviator stress gradually diminishes this strengthening effect. 

324 Therefore, for some typical practical projects, e.g. ballastless High-speed Railway, with the 

325 dynamic stress transferred from concrete slab to the embankment smaller than 20 kPa [32, 33], 

326 the resilient modulus tests on the specimens under anisotropic consolidation are inevitable, 

327 which, however, is normally overlooked in the prevalent standards, e.g. EN 13286-7 [34] and 

328 AASHTO T307-99 [35].

329



330 Poisson’s ratio

331 In this study, the radial strain measurement system was only utilized for the specimens 

332 consolidated under 100 kPa. The corresponding values of Poisson’s ratio were calculated and 

333 presented in Figure 12. It is challenging to measure accurately the radial strain change during 

334 each cycle of loading [26], thus some slight fluctuations can be observed in the figure. Generally, 

335 the Poisson’s ratio increases with increasing cyclic deviator stress. Under higher loading 

336 frequency, the Poisson’s ratio generally becomes larger. In contrast, the higher consolidation 

337 stress ratio induces a lower value of Poisson’s ratio. 

338

339 Accumulated axial and volumetric strains

340 The accumulated strain is defined as the sum of the irrecoverable strain occurs during each 

341 cycle of loading. Estimating the accumulated strain of granular materials in embankment 

342 subjected to cyclic loading is a major challenge for transport engineering projects. The control 

343 limits of the settlement after construction are very strict for the embankment of High-speed 

344 Railway (<15mm) or the embankment of airport (<50mm). Also, the strain levels of differential 

345 settlement should be strictly lower than 0.1-0.15% for the embankment of airport and 0.15-0.45% 

346 for High-speed Railway. However, accumulated strain behavior is less investigated compared 

347 to that of resilient modulus as it needs a larger number of specimens and much more time and 

348 effort. To the knowledge of authors, the accumulated strains (axial and volumetric strains) of 

349 granular fill materials under long-term cyclic loading and partially drained condition has never 

350 been investigated. As shown in Figure 13(a), the rising effective confining pressure increases 

351 the deformation resistance of the specimen. Figure 13(b) presents the effect of loading 

352 frequency on the development of accumulated axial strain. Generally, the specimens 

353 experienced higher accumulated axial strain when the loading frequency was higher. The 

354 accumulated axial strain normally increased quickly in the first cycles, followed by a stable 

355 state. Excessive deformation occurred for the specimen subjected to a 2 Hz cyclic loading when 

356 cyclic deviator stress reached 130 kPa. Figure 13(c) shows that the accumulated axial strain 

357 becomes larger with increasing consolidation stress ratio under each level of cyclic deviator 



358 stress. Therefore, the simplification of using isotropic confining pressure for permanent strain 

359 in EN 13286-7 [34] may underestimate the real strain level in the field, where the embankment 

360 is normally subjected to an anisotropic stress condition with larger vertical stress and lower 

361 lateral stress. 

362

363 Figure 14 presents the relationship between the maximum mean stress (Pmax) under each level 

364 of cyclic deviator stress and the change of void ratio. To ease the comparison, the confining 

365 pressure for the calculation of maximum mean stress adopts the initial effective confining 

366 pressure before applying cyclic loadings. The maximum mean stress is reached when the cyclic 

367 deviator stress increases to its peak. On the other hand, the void ratio in the figure is a stable 

368 value at the end of each stage of loading. A reference curve, as shown in Figure 14, is composed 

369 of the mean effective stresses under different stages of isotropic confining pressure and the 

370 corresponding void ratios. The void ratio decreases at an obviously higher rate under cyclic 

371 loading, which is called the densification effect of cyclic loading, compared to that under 

372 isotropic loading. Specifically, the changes of the void ratio of the specimens under 100 kPa 

373 initial effective confining pressure are presented in Figure 15. The compression index, Cc, is 

374 calculated as:

375                         (1)max- / log( )cC e p  

376 The compression index for each specimen is also listed in Figure 15. The trends of Cc for 

377 different frequencies and stress ratios are identical to those of permanent strain with a larger 

378 value under higher frequency and higher consolidation stress ratio. A largest value of the 

379 compression index was achieved by the specimen under 2 Hz cyclic loading.

380

381 According to the simplification by Hyodo et al. [15] and Sakai et al. [16], the total volume 

382 change ∆εv can be expressed by:

383 ∆εv = ∆εvu + ∆εvl                              (2)

384 where ∆εvu is the volumetric strain resulted from the dissipation of excess pore water pressure, 

385 ∆εvl is the volumetric strain due to the densification effect of applied cyclic loading. As 



386 mentioned in Section 2, the cyclic triaxial test in this study is a model test, which has a clear 

387 boundary condition. Also, the excess pore water pressure distribution is inhomogeneous 

388 throughout the specimen with the largest exists at the impermeable boundary, i.e. the top of the 

389 specimen, and the lowest (can be regarded as zero) exists at the drainage boundary, i.e. the 

390 bottom of the specimen. Hyoto et al. [15] proved that except in the vicinity of the drainage 

391 boundary the excess pore water pressure rises up with the cycle number until reaching the peak 

392 value at which the contour of excess pore water pressure is of a trapezoidal shape. Then, the 

393 excess pore water pressure dissipates while keeping a parabolic shape until reaching a marginal 

394 level. Therefore, it is reasonable to assume that the equivalent average excess pore water 

395 pressure, ∆ua, throughout the specimen can be calculated as the two-thirds of the maximum 

396 excess pore water pressure measured at the top of the specimen, as expressed by: 

397 ∆ua = ∆umax                              (3)2
3

398 This is also a common approach to estimate the average excess pore water pressure in a clay 

399 specimen with one permeable boundary and one impermeable boundary under 1D straining 

400 condition [36, 37]. Therefore, ∆εvu can be calculated as:

401 ∆εvu = ∆ua·mv = ∆ua·[∆e/(1+e0)]/∆pmax                   (4)

402 where mv is the coefficient of volume compressibility, e0 is the initial void ratio and ∆e is the 

403 change of void ratio. Note that mv is a highly stress-path dependent parameter [38, 39]. On one 

404 hand, the ∆ua is bulk stress such that the corresponding mv cannot be determined by the cyclic 

405 tests with varying deviator stress. On the other hand, no isotropic loading was applied after each 

406 stage of cyclic loading, in this study, to determine the mv. Thus, the mv corresponding to ∆ua 

407 was estimated based on the compression index of the normal compression line (NCL), which 

408 is shown in Figure 14 assuming that after the cyclic loading the void ratio of the specimen 

409 subjected to an isotropic loading will develop along a line that is parallel to the NCL. As shown 

410 in Figure 16, the relationship between ∆εvu and ∆umax /pmax is plotted and a good linear 

411 relationship can be shown as:

412 ∆εvu = 0.0328·∆umax /pmax                       (5)

413 Then, ∆εvl can be easily calculated using Eq. (2), and, as shown in Figure 17, it can be well 



414 correlated with qmax/pmax as a linear formula:

415 ∆εvl = 0.0388·qmax/pmax                        (6)

416 where qmax is defined as the maximum deviator stress can be achieved during cyclic loading. It 

417 can be seen that, irrespective of the confining pressure, loading frequency, and consolidation 

418 stress ratio, the volumetric strain due to the densification of cyclic loading has a unique linear 

419 relationship with qmax/pmax, with a standard error less than ±15%, which indicates that the 

420 volumetric strain due to the densification of cyclic loading under partially drained condition 

421 can be easily estimated by the test results from one drained cyclic test with multi-stage cyclic 

422 deviator stress. 

423

424 4. Discussions of this study

425 In this study, the length of the drainage path (sample height) was kept constant for all the 

426 specimens. Also, the drainage direction in the field would be quite different from the condition 

427 in the triaxial test, where the drainage is only one-dimensional. Note that the permeability after 

428 cyclic loading was only measured for one specimen such that no generalized relationship 

429 between permeability and peak excess pore water pressure ratio as well as stress states can be 

430 established, which will be the main research focus in the future. The research findings in this 

431 study are valid for the specific ranges of loading conditions, including the confining pressure, 

432 frequency, consolidation stress ratio and cyclic deviator stress, which aims to simulate the stress 

433 conditions that are normally confronted in the transportation geostructures. Importantly, as a 

434 common limitation for most laboratory studies, the scale of the model test (triaxial specimen) 

435 may not be comparable to the actual dimensions of most practical problems.

436

437 5. Conclusions

438 In this study, a series of static and cyclic triaxial tests was implemented to focus on the dynamic 

439 responses of a granular fill material under partially drained condition, in which the top of the 

440 specimen was impermeable, and the bottom of the specimen was connected to a pressure 

441 controller that maintained the water pressure and allowed water drain freely. Due to the fact 



442 that the excess pore water pressure distribution inside the specimen subjected to cyclic loading 

443 is inhomogeneous, the cyclic triaxial test is a model test rather than an element test. Aim to 

444 simulate the condition that a granular fill material in a transport geostructure normally 

445 experiences, the specimens were subjected to multi-stage cyclic deviator stress with low stress 

446 level and high cycle number, instead of the investigation on liquefaction phenomenon under 

447 high stress levels, which has been widely reported in extensive studies. Based on the principal 

448 findings of the current results, the following conclusions can be drawn:

449 1. The permeability of granular fill material is more dominated by the existence of fine 

450 particles. Under isotropic loading, the logarithmic value of permeability decreases almost 

451 linearly with decreasing void ratio. After the cyclic loading is applied, however, the 

452 permeability decreases at an obviously higher rate with the decreasing void ratio. This is 

453 possibly induced by the reconstruction effect from cyclic loading on the microstructure of 

454 the specimen.

455 2. The stress-strain behaviour of the post-cyclic specimens shows a significantly higher initial 

456 modulus but lower shear strength compared to that of the specimens without subjected to 

457 cyclic loading.

458 3. The development of excess pore water pressure results from the dynamic disequilibrium 

459 between the contraction of the specimen and its drainage ability. Under partially drained 

460 condition, the excess pore water pressure normally increases dramatically to a high level, 

461 then followed by a gradual decrease. The increasing frequency and cyclic stress levels are 

462 two adverse factors to the deformation or stability of granular fill layers in the embankment.

463 4. Under partially drained condition, the granular fill material normally experiences a sudden 

464 decrease of stiffness and a quick increase in deformation at the first cycles of loading. The 

465 deformation response of the material can be reasonably divided into that caused by 

466 densification effect of applied cyclic loading and that due to the dissipation of excess pore 

467 water pressure. Two linear relationships were established to correlate the permanent 

468 deformations with excess pore water pressure and applied cyclic loading.
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Figure 1. Particle size distribution curve of the granular fill material
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Figure 2. The microscopic view of (a) the cross-section of a single soil particle, (b) 
typical indentation point on an angular particle, and (c) typical indentation point on 

the bonding materials



1

10

100

1000

10000

1317.7

23.3

Quartz particles Clay minerals

V
ic

ke
rs

 m
ic

ro
ha

rd
ne

ss
(k

g/
m

m
2 )

(b) Saturated

1

10

100

1000

10000

1387.1

66.5

Quartz particles Clay minerals

V
ic

ke
rs

 m
ic

ro
ha

rd
ne

ss
(k

g/
m

m
2 )

(a) Air-dried

Figure 3. The Vickers microhardness of different positions on particles in (a) air dried 
and (b) saturated conditions



Figure 4. Electron microscope scan image of a typical particle of the granular fill 
material
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Figure 5. The setup of the on-specimen transducers for measuring vertical and radial 
strains of the specimen
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Figure 6. Illustration of stress paths for cyclic tests



Figure 7. The typical changes of axial strain, radial strain, and volumetric strain of 
one specimen when introducing water into specimen during saturation stage

0.00

0.03

0.06

0.09

0.12

0 2000 4000 6000 8000

Axial strain
Radial strain
Volumetric strain

St
ra

in
 (

%
)

Elapsed time, t (s)



y = 0.0461ln(x) + 0.3933
R² = 0.9796

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40
0.000001 0.0001 0.01 1 100

 Tested fill material
 Silty sand [28]
 Silt North Carolina [28]
 Sand from dike [28]
 Silica sand [29]
 Toyoura sand [29]

V
oi

d 
ra

tio
, e

Permeability, k (m/day)

Practically 
impermeable Very low Low Medium

(a)

 

y = 0.0461ln(x) + 0.3933
R² = 0.9796

y = 0.0118ln(x) + 0.3757
R² = 0.9838

0.25

0.27

0.29

0.31

0.33

0.35

0.37

0.39

0.41
0.0001 0.001 0.01 0.1 1

  After multi-stage isotropic loading
  After multi-stage cyclic loading

V
oi

d 
ra

tio
, e

Permeability, k (m/day)

Multi-stage isotropic 
loading is followed by 

multi-stage  cyclic loading 

(b)

Figure 8. The relationships between permeability and void ratio (a) under multi-stage 
isotropic consolidation stress, and (b) after applying multi-stage cyclic loading



Figure 9. The stress-strain behaviour of the specimens after and without cyclic 
loading
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Figure 10. The plots of excess pore water pressure responses of the specimens 
subjected to cyclic loading versus cycle number under (a) different initial effective 
confining pressures, (b) different frequencies, and (c) different consolidation stress 

ratios
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Figure 11. The plots of resilient modulus the specimens subjected to cyclic loading 
versus cycle number under (a) different initial effective confining pressures, (b) 

different frequencies, and (c) different consolidation stress ratios
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Figure 13. The plots of accumulated axial strains of the specimens subjected to cyclic 
loading versus cycle number under (a) different initial effective confining pressures, 

(b) different frequencies, and (c) different consolidation stress ratios
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Table 1. Basic index values of tested granular fill material

Basic characteristics Value
Coefficient of uniformity (Cu) 35.47
Coefficient of curvature (Cc) 0.138
Specific gravity (Gs) 2.73
Maximum dry density (MDD) (ρmax,dry, kg/m3) 2120.0
Optimum moisture content (OMC) (wopt, %)) 5.70



Table 2. XRF results of oxide content of tested granular fill material

Component SiO2 Al2O3 Fe2O3 MgO K2O CaO
Content (%) 62.3 19.3 5.25 4.58 2.54 2.45



Table 3. Test scheme of tested granular fill material

Test No.
Initial effective 

confining 
pressure, σ’3 (kPa)

Frequency,
f (Hz)

Consolidation 
stress ratio, σ’1/σ’3

Cyclic deviator stress, qcyc (kPa) Remarks

50 kPa_static 50 - - - Static compression
100 kPa_static 100 - - - Static compression
200 kPa_static 200 - - - Static compression
50 kPa_1 Hz 50 1 1 20, 50, 75, 100 With post-cyclic compression

100 kPa_0.25 Hz 100 0.25 1 20, 50, 75, 100, 130, 150, 175 -
100 kPa_0.5 Hz 100 0.5 1 20, 50, 75, 100, 130, 150, 175 -
100 kPa_1 Hz 100 1 1 20, 50, 75, 100, 130, 150, 175 With post-cyclic compression
100 kPa_2 Hz 100 2 1 20, 50, 75, 100, 130 -

100 kPa_1 Hz_1.25 stress ratio 100 1 1.25 20, 50, 75, 100, 130, 150, 175 -
100 kPa_1 Hz_1.5 stress ratio 100 1 1.5 20, 50, 75, 100, 130 -

150 kPa_1 Hz 150 1 1 20, 50, 75, 100, 130, 150, 175 -

200 kPa_1 Hz 200 1 1
20, 50, 75, 100, 130, 150, 175, 

200, 230

With post-cyclic compression;
permeability tests were conducted 

after each stage of isotropic loading 
and cyclic loading
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