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26 Abstract

27 The effect of silt content on the mechanical behavior of silt-clay transition soils under three-

28 dimensional stress conditions is presented. Undrained true triaxial tests with constant b values 

29 were performed on normally consolidated specimens of silt-clay transition soils created from 

30 the same base clay and non-plastic silt, however, with systematically varying gradations. With 

31 increasing amount of non-plastic silt, the cohesive soils exhibit less contractive tendencies, 

32 stiffer stress-strain response and larger shear strength. The magnitude of intermediate principal 

33 stress, as indicated by the b value, also strongly influences the stress-strain relations, pore 

34 pressure behavior and both total and effective failure surfaces. Although the transition soils 

35 exhibit overall clay-like behavior, more pronounced frictional characteristics, as indicated by 

36 the shapes of the failure and plastic potential surfaces, were exhibited with increasing silt 

37 content.

38

39 Key words: Silt-clay soil; Stress-strain; Shear strength; Silt content; True triaxial test.
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40 Introduction

41 Large deposits of fine-grained cohesive soils are present in several metropolitan areas 

42 around the world. These urban areas, which include Bangkok, San Francisco, London and 

43 Shanghai among others, are densely populated and experience a rather large amount of 

44 geotechnical activities such as tunneling, deep excavation and construction of deep foundations 

45 and shoreline structures. The cohesive soils found in the aforementioned deposits are often of 

46 the same geological origin and consist of particles with identical basic minerals. However, the 

47 soil formation process, which is usually affected by environmental factors such as a marine 

48 transgression-regression sequence, often results in soil particle-size distributions that vary from 

49 one location to another. Such variation in particle gradation, and thus mineral content, results 

50 in different plasticity characteristics, as indicated by the consistency or Atterberg limits. This, 

51 in turn, creates an array of cohesive soils that, in terms of both engineering classification and 

52 fundamental behavior, transition from one general soil type to another even within essentially 

53 similar deposits. The mechanical behavior of such “transition” soils can thus vary rather 

54 significantly.

55 The stress-strain and strength characteristics of cohesive soils have been rather extensively 

56 investigated by means of laboratory tests. Very often, the stress conditions pertaining to such 

57 tests are axisymmetric, with the major principal stress ( ) in the axial direction being greater 𝜎1

58 than the intermediate and minor principal stresses, which are equal in the radial directions (i.e., 

59 ). Geostructures such as diaphragm walls, piled raft foundations, shafts and tunnels, 𝜎2 = 𝜎3

60 however, rarely result in axisymmetric triaxial stress conditions in the soil mass; instead, the 

61 stress conditions tend to be plane-strain or three-dimensional, where . Laboratory 𝜎1 > 𝜎2 > 𝜎3

62 tests that permit application of unequal principal stresses during shear are thus essential to 

63 better understanding the overall mechanical response of cohesive soils. Based on the 

64 aforementioned rationale, it is thus imperative for geotechnical engineers to gain insight into 
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65 the stress-strain and strength behavior of “transition” cohesive soils that are subjected to 

66 realistic three-dimensional stress states. Such insight impacts geotechnical considerations and 

67 allows for more effective analysis and design of geostructures constructed in or with such soils.

68 Previous studies

69 The stress-strain and strength behavior of cohesive soils with varying silt and clay contents 

70 has been studied by a rather small number of researchers (e.g., Yin 1999; Cola and Simonini 

71 2002; Yin 2002, Nocilla et al. 2006; Anantanasakul et al. 2012a; Wang and Luna 2012; Wong 

72 et al. 2017; Anantanasakul and Roth 2018). Fine-grained soils with low silt-sized particle 

73 contents (  mm), high clay-sized particle contents (  mm) and 0.075 ≥ 𝐷 ≥ 0.002 𝐷 < 0.002

74 sufficiently high values of plasticity index (PI) have been observed to fundamentally exhibit 

75 clay-like or cohesive behavior. Here  is the diameter of a hypothetical spherical soil particle. 𝐷

76 With higher silt contents and lower clay contents, such cohesive soils exhibit lower plasticity, 

77 as determined by the PI, and become less compressible when consolidated one-dimensionally 

78 or isotropically. As the silt content increases, the results of triaxial tests show stiffer stress-

79 strain response, larger undrained shear strength and higher effective friction angles. During 

80 axisymmetric triaxial compression tests, volume changes and pore pressure changes generally 

81 decrease, thus indicating more dilative tendencies with increasing silt content and decreasing 

82 clay content. For increasing degrees of overconsolidation, increased normalized undrained 

83 shear strengths have been observed for cohesive soils with higher silt contents.

84 At sufficiently high silt contents and low clay contents, fine-grained soils with low PI values 

85 start to fundamentally exhibit sand-like or cohesionless behavior. They exhibit much lower 

86 compressibility when consolidated, more pronounced dilative response during shear and, 

87 apparently, no unique relationship between void ratio and effective mean stress at critical state 

88 or failure (Ferreira and Bica 2006).
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89 In an attempt to quantify the aforementioned response, Boulanger and Idriss (2006) 

90 proposed a practical criterion to delineate fine-grained soils exhibiting clay-like behavior. 

91 According to this criterion, fine-grained soils behave as a clay when PI  7; for the narrow ≥

92 range of 7 > PI  3, a transition from clay-like to sand-like behavior is usually observed; ≥

93 finally, for PI < 3, fine-grained soils exhibit essentially sand-like response.

94 More insight into the three-dimensional behavior of cohesive soils can be obtained by means 

95 of soil testing apparatuses that permit application of unequal principal stresses with or without 

96 rotation of the principal stress directions. For tests that do not involve the rotation of principal 

97 stresses, only normal stresses are applied to the orthogonal faces of either cubical or prismatic 

98 specimens (e.g., Yin et al. 2010; Anantanasakul et al. 2012b). Past research has indicated 

99 significant influence of the relative magnitude of the intermediate principal stress on the stress-

100 strain, volume change, pore pressure change and strength characteristics of cohesive soils (e.g., 

101 Matsuoka et al. 2002). In general, the relative magnitude of the intermediate principal stress 

102 may conveniently be expressed by means of the  value:𝑏

[1] 𝑏 =
𝜎2 ― 𝜎3

𝜎1 ― 𝜎3

103 where . For axisymmetric triaxial compression with ,  is equal to zero; for 0 ≤ 𝑏 ≤ 1 𝜎2 = 𝜎3 𝑏

104 axisymmetric triaxial extension in which ,  is equal to unity.𝜎2 = 𝜎1 𝑏

105 A rather small number of studies have investigated the effects of  value on the behavior of 𝑏

106 clays using true triaxial apparatuses that allow independent control of all three principal stresses 

107 (Nakai et al. 1986; Kirkgard and Lade 1993; Prashant and Penumadu 2005; Anantanasakul et 

108 al. 2012b). It has been reported that values of elastic modulus increase, principal strains-to-

109 failure in the direction of major principal stress decrease and pore pressure changes at failure, 

110 in general, increase with increasing  values. Effective friction angles increase from their value 𝑏

111 for  = 0.0, remain relatively constant throughout a range of increasing intermediate  values, 𝑏 𝑏
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112 and decrease slightly as  approaches unity. The results of true triaxial tests also indicate that 𝑏

113 failure surfaces in the octahedral plane are curved and circumscribe the Mohr-Coulomb failure 

114 surfaces when fitted to the friction angles in triaxial compression (i.e., for  = 0.0).𝑏

115 Missing from past true triaxial testing programs is a systematic investigation into the effects 

116 that variations in  value and silt content have on the behavior of silt-clay “transition” soils. 𝑏

117 The experimental study described in this paper was thus undertaken to fill this void in 

118 information.

119 Presented herein are the results of a laboratory study of the influence of the relative 

120 magnitude of intermediate principal stress and silt content on the stress-strain, pore pressure 

121 change and strength characteristics of silt-clay transition soils. Undrained true triaxial tests with 

122 different constant b values were performed on normally consolidated specimens of such soils. 

123 Conventional undrained triaxial tests with varying effective consolidation pressures were also 

124 performed to investigate the behavior of silt-clay transition soils under axisymmetric stress 

125 conditions. In this study the same base clay and silt, specimen preparation procedure, testing 

126 methods, and testing conditions were used. Only the amount of silt in the specimens was 

127 systematically varied.

128 Soils tested

129 The two base soils employed in this study were kaolin clay and silt. The inorganic clay was 

130 obtained from a uniform natural deposit in Lampang, Thailand. It was supplied as bulk samples 

131 with delivery water contents of 7-10%. These samples were oven dried and ground to produce 

132 fine clay powder. The silt consisted of ground silica, sieved to obtain a specific particle-size 

133 gradation. It was essentially non-plastic.

134 Three laboratory-prepared soils were used to study the stress-strain, pore pressure change 

135 and strength behavior of silt-clay transition soils. In the subsequent development, the pure 
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7

136 kaolin clay will be referred to as “Soil 1”. The other two soils were created by mixing Soil 1 

137 with different amounts of non-plastic silt. These two silt-clay mixtures will be referred to as 

138 Soils 2 and 3, respectively. Fig. 1 shows the particle-size gradations for Soils 1, 2 and 3, as 

139 determined from wet sieve and hydrometer analyses (ASTM D422-63). The grain-size 

140 distribution curve for the non-plastic silt is also plotted in Fig. 1 for comparison. This curve 

141 indicates that the silt consisted only of silt-sized particles and was fairly well graded.

142 Table 1 lists the clay, silt and sand contents of the three soils. Also given in this table are 

143 values of the liquid limit, plasticity index and Skempton’s activity coefficient for each of these 

144 soils. The liquid limits and plasticity indices decrease with increases in the amount of non-

145 plastic silt. As the amount of non-plastic silt increases from 0 to 71%, the values of activity 

146 coefficient decrease from 0.27 to 0.20. According to the Unified Soil Classification System 

147 (USCS), Soils 1, 2 and 3 classify as MH (i.e., silt with high plasticity), ML and ML (silt with 

148 low plasticity), respectively.

149 Preparation of test specimens

150 Proper amounts of dry kaolin powder and non-plastic silt were mixed with water to produce 

151 slurries at water contents equal to twice the liquid limit of each of the three soils. The mixing 

152 of slurries was carried out in a commercial-grade stand mixer. The slurries were later one-

153 dimensionally consolidated at an effective vertical stress of 150 kPa in a double-draining 

154 consolidation tank as described by Anantanasakul and Roth (2018).

155 Following consolidation, cake samples, 254 mm in diameter and 170 mm high, were 

156 obtained from the tank. Table 1 reports representative values of water content, void ratio and 

157 unit weight of the cake samples of the three silt-clay soils. The samples were then cut into 

158 prismatic sections. Each such section was stored in a sealed plastic bag that was kept in a 

159 humidity controlled room. The soil sections were later trimmed parallel to the direction of 
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160 slurry consolidation using a wire saw to produce specimens. For the true triaxial tests, the 

161 specimens were prismatic with side lengths of 71 mm and a height of 142 mm. For the 

162 axisymmetric triaxial tests, the specimens were cylindrical with a diameter of 71 mm and a 

163 height of 142 mm.

164 Fig. 2 shows scanning electron micrographs of Soils 1, 2 and 3 and the non-plastic silt, 

165 magnified 1000 times. For Soils 1, 2 and 3, the micrographs were taken on consolidated 

166 samples, while that of the non-plastic silt was obtained from silt powder. The white boundaries 

167 drawn in the micrographs of Soils 2 and 3 indicate traces of large silt particles in the respective 

168 soil matrices. The micrographs illustrate an apparent transition from a homogeneous matrix of 

169 uniformly distributed clay particles and particle clusters (Soil 1) to one with an increasingly 

170 complex arrangement of clay particle clusters surrounding large silt grains. This is especially 

171 true for Soil 3. The micrograph of the non-plastic silt indicates that the soil consisted of highly 

172 angular particles of various sizes. This finding is consistent with the aforementioned well-

173 graded grain-size distribution for non-plastic silt shown in Fig. 1.

174 True triaxial apparatus

175 Undrained shear tests with unequal principal stresses were performed on prismatic 

176 specimens of the silt-clay transition soils using the custom-made true triaxial apparatus shown 

177 in Fig. 3. The apparatus accommodates both cubical and tall prismatic specimens (height-to-

178 width ratios of 1 to 2.7) and allows tests to be performed in a fully automated manner. It consists 

179 of an oversized triaxial cell that is fitted with a rounded square cap and base. Vertical deviator 

180 loads are applied to the specimen through a piston rod.

181 Deviator loads in one horizontal direction were applied by a self-reacting load frame 

182 consisting of two loading plates that are compressible in the vertical direction. One loading 

183 plate was attached to the rectangular face of an internal pressure cylinder, while the other was 

184 attached to a backing plate. The internal pressure cylinder and backing plate were attached to 
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185 one another by two tie bars. One loading plate was pushed, while the opposing plate was pulled 

186 inward when the pressure cylinder was inflated. Each loading plate was made of alternating 

187 stainless steel and balsa wood laminae. The compressibility of the balsa wood permits vertical 

188 deformation of the loading plates, which is necessary to avoid interference with the cap. The 

189 A-shaped compression frame attached to the piston rod forced the loading plates to deform at

190 the same rate of vertical deformation as the specimen.

191 The true triaxial apparatus applied three independent principal stresses to the specimens 

192 with no rotation of the principal stress directions. The major principal stress ( ) was applied 𝜎1

193 in the vertical direction; the intermediate principal stress ( ) in the direction of the horizontal 𝜎2

194 loading system; and the minor principal stress ( ) in the other horizontal direction.𝜎3

195 Vertical deviator loads were measured by a submersible load cell embedded in the specimen 

196 cap. Horizontal deviator loads and cell and pore pressures were determined from pressure 

197 transducer readings. Volume changes were monitored using a volume change device similar to 

198 that described by Lade (1988). Vertical deformations of the specimen were measured by a 

199 Linear Variable Differential Transducer (LVDT). In the  direction, horizontal deformations 𝜎2

200 were tracked by two submersible LVDTs. Deformations of the specimen in the  direction 𝜎3

201 were computed from volume changes and from deformations in the  and  directions.𝜎1 𝜎2

202 A National Instrument LabVIEW computer program was used in conjunction with the 

203 apparatus to perform true triaxial tests in an automated manner. The computer control program 

204 was based on a closed-loop PID control algorithm (Anantanasakul et al. 2012b). It continuously 

205 receives input signals from the transducers and computes the current stresses and strains on the 

206 specimen. To follow the desired stress path, target stresses and strains were assigned to the 

207 program’s PID controller. This controller attempts to minimize the differences or errors 

208 between the measured stresses and strains and the targets by outputting corrective reactions to 

209 the apparatus. The reactions were converted into voltage signals, which were sent to the 
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210 corresponding automatic pressure regulators, thus applying corrective loads through: 1) a 

211 diaphragm air cylinder and the cell piston in the  direction, 2) the pressure cylinder of the 𝜎1

212 horizontal loading system in the  direction, and 3) the triaxial cell in the  direction. As 𝜎2 𝜎3

213 such, the stresses and strains were readjusted and a real-time feedback control operation was 

214 formed.

215 Specimen installation

216 During the installation of a specimen into the true triaxial device, filter paper slots, cut in a 

217 vertical pattern, were attached to the specimen faces in the minor principal stress direction (Fig. 

218 6). Parts of the slots covered filter stones located on the sides of the cap and base, thus allowing 

219 drainage from the specimen to the volume change device. Double layers of greased latex 

220 membrane, 0.3 mm thick, were applied to the cap, base and to both horizontal loading plates 

221 so as to reduce friction between the specimen and the rigid boundaries in the  and  𝜎1 𝜎2

222 directions. The filter paper slots and drain lines were saturated using the standard carbon 

223 dioxide (CO2) method as detailed by Lade (2016). A constant back pressure of 100 kPa was 

224 applied to the specimens through the volume change device. The values of pore pressure 

225 coefficient B (Skempton 1954) measured after the application of back pressure in all tests were 

226 no less than 0.98, thus indicating that satisfactory degrees of saturation were attained.

227 Consolidated-undrained true triaxial tests

228 To determine the appropriate strain rate to use in performing the undrained true triaxial tests, 

229 the recommendations of Bishop and Henkel (1957) were followed. The volume change-time 

230 curves of prismatic rectangular specimens during isotropic consolidation were examined. 

231 Critical drainage conditions, in terms of time required to reach primary consolidation, were 

232 encountered in Soil 1. The coefficient of consolidation of the soil was sought, and an axial 

233 strain rate of 0.0035% per minute was determined based on the value of this coefficient. To 
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234 eliminate the effect of rate of shearing on the observed mechanical behavior, this strain rate 

235 was also used in all of the true triaxial tests performed on Soils 2 and 3.

236 Eight true triaxial tests, with constant  values of 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9 and 1.0, 𝑏

237 were performed for each of the three silt-clay transition soils. In each such test, the specimen 

238 was consolidated at an isotropic effective stress of 200 kPa. Prior to shearing, all specimens 

239 were thus normally consolidated. Upon completion of primary consolidation, each specimen 

240 was sheared under undrained conditions and with a constant strain rate in the  direction. The 𝜎1

241 total confining stress ( ) was kept constant at 300 kPa. The major principal stress ( ) was 𝜎3 𝜎1

242 determined and the pressure inside the internal horizontal cylinder (and thus the intermediate 

243 principal stress ) was automatically adjusted so that the desired  value during the course of 𝜎2 𝑏

244 shearing was maintained constant.

245 In addition to the aforementioned true triaxial tests, three consolidated-undrained 

246 axisymmetric triaxial compression tests at effective consolidation stresses of 200, 400 and 500 

247 kPa were performed on cylindrical specimens of Soils 1, 2 and 3 to investigate the effect of 

248 specimen shape and consolidation pressure on the observed mechanical response. The 

249 specimen installation and testing procedures of these conventional triaxial tests have been 

250 discussed in detail by Anantanasakul and Roth (2018).

251 For a given value of , the results of the undrained true triaxial tests are represented by the 𝑏

252 following three figures. First, the difference between the major and minor principal stresses (𝜎1

253 , normalized by the effective consolidation pressure , is plotted versus the normal ― 𝜎3) (𝜎′𝑐)

254 strain in the  direction ( ). Next, the ratio of major to minor principal effective stresses (i.e., 𝜎1 𝜀1

255 ) is plotted versus . Finally, the excess pore pressure ), normalized by , is 𝜎′1/𝜎′3 𝜀1 (∆𝑢 𝜎′𝑐

256 plotted versus . Fig. 4 presents these three figures for each of the values of  = 0.0, 0.1, 0.2, 𝜀1 𝑏

257 and 0.4. Fig. 5 presents similar figures for  = 0.6, 0.8, 0.9, and 1.0. In Figs. 4 and 5, failure 𝑏

258 points, defined by states of maximum , are denoted by arrows.𝜎′1/𝜎′3
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259 Stress-strain response

260 The stress difference and effective stress ratio curves of each tested soil follow rather similar 

261 patterns. Regardless of the  value, they increase more sharply and reach higher peak values 𝑏

262 with increasing silt content. This indicates larger stiffness and higher shear resistance of the 

263 silt-clay transition soils. This is possibly due to interparticle friction among the silt grains, more 

264 of which are in contact with one another at higher silt contents. In general, the strains to failure 

265 ( ) of the soils decreased with increased silt content. When comparing the results for Soils 1 𝜀1𝑓

266 and 3, differences in  by as much as 6% are observed.𝜀1𝑓

267 For comparison, the results of undrained axisymmetric triaxial compression tests with 

268 different values of  are also plotted in the figures associated with the true triaxial test results 𝜎′𝑐

269 for  = 0.0 (Fig. 4). In all cases, the axisymmetric triaxial test results are very similar to the 𝑏

270 true triaxial test results. This suggests that the specimen shapes used (i.e., prismatic in the true 

271 triaxial tests versus cylindrical in the axisymmetric tests), as well as the different values of  𝜎′𝑐

272 have a negligible effect on the normalized stress-strain response of the silt-clay soils tested.

273 The magnitude of intermediate principal stress, as measured by the  value, significantly 𝑏

274 influences the observed stress-strain relations. Both normalized stress difference and effective 

275 stress ratio curves gradually rise to reach peak values at relatively large values (12-15%) of  𝜀1

276 and either remain constant or slightly decrease thereafter for  values of 0.0 to 0.2. In these 𝑏

277 tests, the specimens of all tested soils underwent uniform deformations and strains up to failure. 

278 Distinct failure planes or shear bands were observed in the softening regime corresponding to 

279 the post-peak portions of the stress-strain relations in some tests. When a shear band forms and 

280 propagates, the material deformations localize into a thin zone of intense shearing. The soil 

281 specimen is separated into two rigid blocks that slide on one another along the shear band, and 

282 the stresses and strains are no longer uniform. As shown in Fig. 6, the shear bands observed in 
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283 the present true triaxial tests were inclined to the  and  directions, approximately parallel 𝜎1 𝜎3

284 to the  direction. Their offsets were always visible in the  sides of the prismatic specimens.𝜎2 𝜎3

285 For higher  values, the stress-strain curves appear to be more abrupt or “brittle”. They 𝑏

286 increase sharply to reach peaks or failure at relatively small values of . In some of these tests, 𝜀1

287 the peaks are followed by significant reductions in strength. Shear bands were present in 

288 essentially all true triaxial tests with -values greater than 0.2. They started to form even as the 𝑏

289 specimens were still in the hardening regime. Significant reductions in strength always 

290 accompanied shear bands that developed freely with no interference with the rigid boundaries 

291 at the top and bottom caps. For tests in which the propagating shear bands intercepted the rigid 

292 boundaries, the post-failure stress-strain curves remained relatively constant or descended only 

293 slightly.

294 Shear banding as a possible mode of soil failure has been studied by some researchers within 

295 the context of bifurcation analysis (e.g., Rudnicki and Rice 1975; Vermeer 1982; Vadoulakis 

296 1996; Wang and Lade 2001; Lade 2003; Lade et al. 2008). In this framework, a criterion for 

297 shear band formation that satisfies equilibrium, compatibility, boundary conditions and 

298 constitutive relations is provided based on the magnitude of the critical plastic modulus of the 

299 soil. It has been proposed that shear bands in granular soils will form during the hardening 

300 regime of the stress-strain response for intermediate  values of about 0.2 to 0.9. For  values 𝑏 𝑏

301 outside this range, shear bands will initiate in either the softening regime or when the stress-

302 strain curve essentially attains the smooth peak point. The behavior observed in the present true 

303 triaxial tests on transition silt-clay soils appears to follow the same trend.

304 Shear bands form along the plane of maximum shear stresses whose orientation varies with 

305 the magnitude of major principal stress ( ), minor principal stress ( ) and the soil failure 𝜎1 𝜎3

306 characteristics. For the prismatic specimen used in true triaxial testing (without rotation of the 

307 principal stress directions), the shear band or failure plane is inclined to the  and  𝜎1 𝜎3
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308 directions. Note that the soil specimen undergoes normal compressive strains in the  direction 𝜎1

309 and expansive strains in the  direction. When shear banding is the mode of failure, the ease 𝜎3

310 of shear band formation has been observed to relate to the rate at which  changes with respect 𝜀3

311 to ; i.e., . With increasing  value, greater confinement is provided to the 𝜀1 ― 𝑑𝜀3/𝑑𝜀1 𝑏

312 specimen in the  direction (i.e., more compressive states of ); the specimen is, therefore, 𝜎2 𝜀2

313 forced to expand more in the  direction. As the result, the magnitude of  increases more 𝜎3 𝜀3

314 sharply, thus promoting initiation and propagation of the shear band in the soil specimen.

315 Pore pressure response

316 The relationships between normalized excess pore pressure ( ) and major principal ∆𝑢/𝜎′𝑐

317 strain are shown in Figs. 4 and 5. In general, the normalized pore pressure changes are all 

318 positive, indicating contractive tendency of the normally consolidated soils during shear under 

319 the three-dimensional stress conditions. For all three of the soils tested, the pore pressure 

320 changes sharply increase for  values less than approximately 3%. The curves then rise only 𝜀1

321 marginally to reach maximum values that remain relatively constant to large strains. For all  𝑏

322 values considered in the present study, the  curves rise more sharply and reach ∆𝑢/𝜎′𝑐 ― 𝜀1

323 higher peak values with increasing silt content.

324 The  curves for the undrained axisymmetric triaxial compression tests are also ∆𝑢/𝜎′𝑐 ― 𝜀1

325 plotted in Fig. 4. These are seen to be in good agreement with those corresponding to the true 

326 triaxial tests with  = 0.0.𝑏

327 The effects that variations in the principal stresses have on the magnitude of pore pressure 

328 change during shear can be further investigated by means of the pore pressure parameter  that 𝑎

329 was introduced by Henkel and Wade (1966). This parameter is applicable to saturated soils 

330 undergoing undrained shear under non-axisymmetric stress conditions. It is present in the 
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331 mathematical formulation relating a change in pore pressure to the corresponding changes in 

332 the three principal stresses; i.e.,

[2] ∆𝑢 =
∆𝜎1 + ∆𝜎2 + ∆𝜎3

3 + 𝑎 (∆𝜎1 ― ∆𝜎2)2 + (∆𝜎2 ― ∆𝜎3)2 + (∆𝜎1 ― ∆𝜎3)2

333 Positive values of  indicates a contractive tendency, while negative values represent 𝑎

334 dilative response. For the case of a conventional axisymmetric triaxial compression test, 𝜎2 =

335  and . In this case , where  is Skempton’s 𝜎3 ∆𝜎2 = ∆𝜎3 = 0 𝑎 = 3(𝐴 ―1/3)/ 2 𝐴 = ∆𝑢/∆𝜎1

336 pore pressure parameter (Skempton 1954).

337 The value of the Henkel and Wade pore pressure parameter corresponding to the maximum 

338 principal stress difference (i.e., ) is denoted by . The variation of  with the (𝜎1 ― 𝜎3)𝑚𝑎𝑥 𝑎𝑓 𝑎𝑓

339 value of  for each of the three soils tested as part of the present study is shown in Fig. 7. In all 𝑏

340 cases, the values of  are positive. For Soil 1, the  values continuously decrease with 𝑎𝑓 𝑎𝑓

341 increasing  values, thus suggesting less contractive tendencies. For Soils 2 and 3, in the range 𝑏

342 from b = 0.0 to 0.6, the values of  also decrease. However, beginning at  = 0.6, the  values 𝑎𝑓 𝑏 𝑎𝑓

343 remain essentially constant. Finally, for a given value of , the value of  decreases with 𝑏 𝑎𝑓

344 increasing amount of non-plastic silt.

345 At the critical state, the principal stress differences and excess pore pressures cease to 

346 change, even though the shear strain continues to increase. Based on the results shown in Figs. 

347 4 and 5, it appears that for the three normally consolidated silt-clay soils tested, critical state is 

348 approached for values of  = 0.0 to 0.2. For larger  values, shear bands developed in the 𝑏 𝑏

349 specimens, causing significant reductions in  with increasing strain. Thus, unlike (𝜎1 ― 𝜎3)/𝜎′𝑐

350 the  response which remained essentially constant at larger values of strain, the ∆𝑢/𝜎′𝑐 ― 𝜀1

351 principal stress differences do not, strictly speaking, attain critical states for  > 0.2.𝑏

352
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353 Strain response

354 In Fig. 8, the normal strains in the intermediate ( ) and minor ( ) principal stress directions 𝜀2 𝜀3

355 are plotted versus  for each of the three silt-clay soils tested. In this figure, compressive  𝜀1

356 strains are taken as being positive. For all three soils, the intermediate principal strains 

357 measured in the undrained true triaxial tests with  = 0.0 were exclusively dilative. As  is 𝑏 𝑏

358 increased, the  values increase (i.e., become less negative), indicating less dilative response. 𝜀2

359 For  = 0.4, the  values become essentially zero, implying plane strain conditions. For  𝑏 𝜀2 𝑏

360 values greater than 0.4, the intermediate principal strains become compressive.

361 Regardless of the amount of non-plastic silt present in the soils tested, the minor principal 

362 strains remained dilative for all values of . For all three soils tested, the magnitude of  𝑏 𝜀3

363 increased with increasing values of . For a given value of b, the intermediate principal strains 𝑏

364 become slightly less compressive and the minor principal strains become less dilative with 

365 increasing silt content, particularly prior to failure.

366 Undrained moduli

367 The values of the undrained moduli are determined from plots of , versus . (𝜎1 ― 𝜎3)/𝜎′𝑐 𝜀1

368 The initial tangent modulus determined within an  range of 0.2% is denoted by . The secant 𝜀1 𝐸0

369 modulus corresponding to a principal stress difference that is 50% of the maximum value and 

370 the corresponding major principal strain ( ) is denoted by . Fig. 9 presents the variations 𝜀1 50 𝐸50

371 of normalized  and  values as a function of the  value. From this figure, it was 𝐸0 𝐸50 𝑏

372 determined that for all three silt-clay soils tested, the  values were approximately 2.5 to 𝐸0/𝜎′𝑐

373 3 times greater than the , irrespective of the value of . As the silt content is increased, 𝐸50/𝜎′𝑐 𝑏

374 the values of  and  increase by as much as a factor of four.𝐸0/𝜎′𝑐 𝐸50/𝜎′𝑐
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375 As evident from Fig. 9, in Soils 1 and 2, the largest magnitudes of  and  were 𝐸0/𝜎′𝑐 𝐸50/𝜎′𝑐

376 found for intermediate values of . In Soil 3, this trend reverses somewhat, as the maximum 𝑏

377 values for these normalized moduli were found for smaller and larger  values.𝑏

378 Strength characteristics

379 Undrained shear strength

380 In Fig. 10, the undrained shear strength, defined from the maximum stress difference as 𝑠𝑢

381  and normalized by , is plotted versus b. For all values of  considered in = (𝜎1 ― 𝜎3)𝑚𝑎𝑥/2 𝜎′𝑐 𝑏

382 the present study, the undrained shear strength is rather significantly influenced by the silt 

383 content. For  = 0.0, the  values for Soils 1 to 3 are 0.26, 0.33 and 0.44, respectively. For 𝑏 𝑠𝑢/𝜎′𝑐

384 the intermediate  value of 0.4, these values increase by about 15 to 20%. Then, as  values 𝑏 𝑏

385 increase to unity, the  gradually decrease.𝑠𝑢/𝜎′𝑐

386 For Soil 1, the value of  corresponding to the axisymmetric extension test (i.e.,  = 𝑠𝑢/𝜎′𝑐 𝑏

387 1.0) is slightly larger than that for axisymmetric compression (i.e.,  = 0.0). This is not, 𝑏

388 however, the case for Soils 2 and 3, where  values for  = 1.0 are approximately 10% 𝑠𝑢/𝜎′𝑐 𝑏

389 less than those for  = 0.0.𝑏

390 In Fig. 10, the  values for the conventional axisymmetric triaxial compression tests 𝑠𝑢/𝜎′𝑐

391 for  200, 400 and 500 kPa are also plotted. These values, which are labeled in Fig. 10 as 𝜎′𝑐 =

392 “TXC”, are seen to be in good agreement with the values from the true triaxial tests with  = 𝑏

393 0.0.

394 Also shown in Fig. 10 are the Tresca and Mises failure criteria. The Tresca criterion predicts 

395 constant shear strength that is independent of . This criterion is expressed in terms of  and 𝜎2 𝜎1

396  as follows:𝜎3

[3]
𝜎1 ― 𝜎3

2 = 𝜏𝑚𝑎𝑥 
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397 The Mises failure criterion, on the other hand, accounts for the magnitude of intermediate 

398 principal stress. It is expressed in terms of the second invariant of the deviatoric stress tensor, 𝐽2

399  as follows:= ((𝜎1 ― 𝜎2)2 + (𝜎2 ― 𝜎3)2 + (𝜎1 ― 𝜎3)2)/6

[4]
3𝐽2

2 = 𝜏𝑚𝑎𝑥

400 In the present study, is taken equal to the undrained shear strength ( ) of Soils 1, 2 𝜏𝑚𝑎𝑥 𝑠𝑢

401 and 3 corresponding to  = 0.0. The values of for both the Tresca and Mises total failure 𝑏 𝜏𝑚𝑎𝑥 

402 criteria are listed in Table 2.

403 Effective friction angle

404 Figure 11 shows the variation of effective friction angle  with  value. The values of  𝜑′ 𝑏 𝜑′

405 are determined from the maximum effective stress ratios as follows:

[5] 𝜑′ = sin ―1 ((𝜎′1

𝜎′3)
𝑚𝑎𝑥

― 1

(𝜎′1

𝜎′3)
𝑚𝑎𝑥

+ 1)
406 Similar to the case of normalized undrained shear strength for the three silt-clay soils tested 

407 as part of the present study, the effective friction angles become noticeably higher with 

408 increasing silt content. For  = 0.0, a change in silt content of 45% (from Soil 1 to Soil 3) 𝑏

409 results in an increase of  value as large as 16 degrees. Such increases in  are realized for 𝜑′ 𝜑′

410 all  values. The magnitude of intermediate principal stress also exhibits strong influence on 𝑏

411 failure. When  increases from 0.0 to 0.4, the effective friction angles increase by about 25%, 𝑏

412 20% and 10% for Soils 1, 2 and 3, respectively. For Soil 1, the values of  decrease slightly 𝜑′

413 as  approaches unity. More significant reductions of  with increases in  are observed for 𝑏 𝜑′ 𝑏

414 Soil 2 and Soil 3.
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415 Finally, a scatter of less than 2  is present when comparing the experimental friction ± °

416 angles determined from the conventional undrained axisymmetric triaxial tests and true triaxial 

417 tests with  = 0.0.𝑏

418 Also shown in Fig. 11 are the Mohr-Coulomb and Lade failure criteria. In the absence of 

419 effective cohesion, the Mohr-Coulomb failure criterion can be expressed as follows

[6]
𝜎′1 ― 𝜎′3

𝜎′1 + 𝜎′3
= sin 𝜑′

420 The Mohr-Coulomb failure criterion is fitted to the failure stresses from the undrained true 

421 triaxial tests with  = 0.0.𝑏

422 The more general Lade failure criterion (Lade 1977) includes the influence of , thereby 𝜎′2

423 rendering curved failure envelopes. It is formulated in terms of the first ( ) and third ( ) 𝐼′1 𝐼′3

424 invariants of the effective stress tensor as follows:

[7] (𝐼′3
1

𝐼′3
― 27)(𝐼′1

𝑝𝑎)𝑚

= 𝜂1

425 where ,  and  is the atmospheric pressure, expressed in 𝐼′1 = 𝜎′1 + 𝜎′2 + 𝜎′3 𝐼′3 = 𝜎′1 𝜎′2 𝜎′3 𝑝𝑎

426 the same units as the effective stresses (  = 100 kPa in the present study). The quantities  𝑝𝑎 𝑚

427 and  are dimensionless model parameters whose values are determined from the experimental 𝜂1

428 results of undrained true triaxial tests or conventional triaxial tests (Lade 1977). The values of 

429  and  for the three soils tested in the present study are listed in Table 2.𝑚 𝜂1

430 Total failure surfaces

431 In Fig. 12, the principal total stresses corresponding to the maximum principal stress 

432 differences measured in the true triaxial tests are plotted in the octahedral plane for each of the 

433 three soils. Material isotropy is assumed and the experimental stress points are projected based 

434 on symmetry about the principal stress axes from the first sector into the other five sectors of 

435 the octahedral plane. For comparison, traces of the Tresca and the Mises failure criteria are also 

Page 19 of 47 Canadian Geotechnical Journal (Author Accepted Manuscript)

© The Author(s) or their Institution(s)

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 

Version of Record at: https://doi.org/10.1139/cgj-2022-0246



20

436 plotted on the same octahedral planes. The shape of the total failure surface for Soil 1 in the 

437 octahedral plane is essentially circular. When the amount of non-plastic silt is increased, the 

438 failure surfaces for Soils 2 and 3 expand and their shapes become slightly more triangular. 

439 Curvature of the experimental failure surfaces on octahedral planes indicates strong influence 

440 of  on the total-stress failure characteristics of the tested silt-clay soils. In general, the Tresca 𝜎2

441 failure criterion underpredicts the undrained shear strength, as its hexagonal traces are 

442 circumscribed by the experimental failure surfaces. The Mises criterion agrees fairly well with 

443 the experimental failure surface of Soil 1, while slightly overpredicting the strength of Soils 2 

444 and 3, particularly for  values greater than 0.4. These trends are also evident in Fig. 10, to 𝑏

445 which the traces of the Tresca and Mises failure criteria have been added.

446 Effective failure surfaces

447 In Fig. 13, the principal effective stresses at failure are projected onto the octahedral plane 

448 for each of the three soils tested in the present study. For comparison, traces of the Mohr-

449 Coulomb and Lade failure criteria are plotted on the same octahedral planes (the former are 

450 represented by a dotted line; the latter by a solid line).

451 From Fig. 13, it is evident that the effective failure surfaces for the three silt-clay soils are 

452 rounded triangles. Such curved failure surfaces highlight the effect of  on the soils’ failure. 𝜎′2

453 Similar to the total stress failure envelopes, the amount of non-plastic silt contained in a soil 

454 affects the effective stress failure envelopes. Increases in the silt content cause the effective 

455 failure surfaces to become larger in size and more sharply triangular in shape. This indicates 

456 higher shear strengths, which are attributed to increased interlocking between silt particles as 

457 the silt content increases.

458 As evident from Fig. 13, since the Mohr-Coulomb failure criterion is independent of , it 𝜎′2

459 tends to underpredict the experimental effective stresses at failure rather significantly for all  𝑏

460 values except 0.0.
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461 By contrast, the predictions made with the more general Lade failure criterion are in 

462 excellent agreement with the observed strength for Soil 1 and Soil 2. For Soil 3, the Lade 

463 criterion overpredicts the experimental failure stresses, particularly for all  values except zero 𝑏

464 and unity. These trends are also evident for the case of  from Fig. 11, to which the traces of 𝜑′

465 the Mohr-Coulomb and Lade failure criteria have been added.

466 Directions of plastic strain increment vectors

467 Knowledge of the variation in the direction of plastic strain increment vector during loading 

468 is instrumental to modeling the stress-strain behavior of soils within the framework of 

469 elastoplasticity theory. Assuming an additive decomposition of the total strain increment vector 

470 ( ) into an elastic ( ) and a plastic part ( ), the incremental plastic strain is determined 𝑑𝜀𝑖 𝑑𝜀𝑒
𝑖 𝑑𝜀𝑝

𝑖

471 as follows: . Here i = 1, 2, 3 signify the principal directions. In the present 𝑑𝜀𝑝
𝑖 = 𝑑𝜀𝑖 ― 𝑑𝜀𝑒

𝑖

472 study, the total strain increment vectors were obtained directly from the results of the true 

473 triaxial tests with different  values and from the conventional axisymmetric triaxial 𝑏

474 compression tests with different values of .𝜎′𝑐

475 The elastic strain increments are computed from the experimental effective stress 

476 increments based on elasticity theory. The elastic stress-strain response is assumed to be 

477 isotropic. In terms of the increments of principal effective stress, this response is written as 

478 follows:

[8] {𝑑𝜀𝑒
1

𝑑𝜀𝑒
2

𝑑𝜀𝑒
3
} =

1
𝐸[ 1 ―𝜈 ―𝜈

―𝜈 1 ―𝜈
―𝜈 ―𝜈 1 ]{𝑑𝜎′1

𝑑𝜎′2
𝑑𝜎′3

}
479 In Eq. 8,  is Young’s modulus and  is Poisson’s ratio. Past experimental studies have 𝐸 𝜈

480 indicated strong dependency of the elastic or unload-reload response of cohesive soils on the 

481 state of stress. In general, high levels of both effective mean stress and deviatoric stress render 

482 larger magnitudes of elastic Young’s, bulk and shear moduli. To reflect such stress-dependent 
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483 behavior, the isotropic elastic model proposed by Lade and Nelson (1987) is employed to 

484 compute the value of Young’s modulus; i.e.,

[9] 𝐸 = 𝑀𝑝𝑎[(𝐼′1

𝑝𝑎)2

+ 6( 1 + 𝜈
1 ― 2𝜈)𝐽2

𝑝2
𝑎]

𝜆

485 where ,  and  are as previously defined and  and  are dimensionless model parameters. 𝐼′1 𝐽2 𝑝𝑎 𝑀 𝜆

486 The value of  is assumed to be constant. Thus, only is  taken as stress dependent. Following 𝜈 𝐸

487 the procedure described by Lade and Nelson (1987), the values of ,  and  were determined 𝜈 𝑀 𝜆

488 from the stress-strain and volume change relations during unload-reload cycles of a series of 

489 consolidated-drained axisymmetric triaxial compression tests on normally consolidated 

490 specimens of the three silt-clay soils (Anantanasakul and Roth 2015). Table 2 lists the values 

491 of the isotropic elastic model parameters ( ,  and ) for the three soils tested in the present 𝜈 𝑀 𝜆

492 study.

493 The principal strain increment axes are superimposed on the principal stress axes. In Fig. 

494 14, the directions of plastic strain increment vectors obtained from the undrained true triaxial 

495 tests are plotted in the octahedral planes at the corresponding stress points from which these 

496 vectors are determined. As evident from Fig. 14, for  = 0.0, the directions of plastic strain 𝑏

497 increment vectors on the octahedral planes coincide with the rectilinear stress path associated 

498 with this test. As the value of  is increased, these vectors progressively rotate in a clockwise 𝑏

499 manner until eventually coinciding with the stress paths for the  = 1.0 test. Such clockwise 𝑏

500 orientation of the plastic strain increment vectors from the stress paths for intermediate  values 𝑏

501 appears to be more pronounced when the amount of non-plastic silt in the soil is increased.

502 In Fig. 15, the incremental plastic strain vectors obtained from the axisymmetric triaxial 

503 compression tests are plotted in the triaxial plane. For brevity, only results for the three values 

504 of  associated with Soil 1 are plotted in Fig. 15. At the end of consolidation, the strain vectors 𝜎′𝑐

505 are aligned with the hydrostatic axis. Following the onset of shearing, these vectors rotate in a 
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506 counterclockwise manner, eventually forming angles that are slightly less than 90 degrees from 

507 the hydrostatic axis. 

508 At failure, there are essentially no changes in the effective stresses. Consequently, the elastic 

509 strain increments remain unchanged. Since volume change, in terms of total strain increments, 

510 is zero during undrained shearing, it follows that there will be no change in the plastic 

511 volumetric strain. The plastic strain increment vectors at failure should thus be perpendicular 

512 to the hydrostatic axis. In Fig. 15, this is seen to be the case for Soil 1. Similar trends for the 

513 plastic strain increment vectors in the triaxial plane are observed for Soils 2 and 3 (but are 

514 omitted for brevity).

515 According to hardening elastoplasticity theory, the direction of plastic strain increment 

516 vector is computed by assuming normality to the plastic potential surface. It is thus instructive 

517 to investigate the possible shapes of this surface that are suggested by the observed directions 

518 of plastic strain increment vectors from the true triaxial tests that were performed on the silt-

519 clay soils. As shown in Fig. 14, the traces of the plastic potential function in the octahedral 

520 planes are approximately similar to those of the failure surfaces, being rounded triangles in 

521 shape, even at early stages of shearing. From the results of the aforementioned tests, it is evident 

522 that the shapes of plastic potential surfaces become more sharply triangular with increasing silt 

523 content. From Fig. 15, it is evident that traces of the plastic potential function in the triaxial 

524 plane are shaped like flattened ellipses or “cigars” with rounded tips that coincide with the 

525 hydrostatic axis. As the amount of non-plastic silt is increased, the plastic strain increment 

526 vectors become more sharply oriented in a counterclockwise direction. Consequently, the 

527 corresponding shapes of plastic potential surfaces in the triaxial plane become flatter with more 

528 pointed tips.

529 The benefit of computing and presenting the plastic strain increment vectors shown in Figs. 

530 14 and 15 is that individuals that mathematically model the response of silt-clay transition soils 
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531 can assess the accuracy of their model for computing strain increments. This, in turn, provides 

532 a means by which the need for using a non-associative flow rule can be rationally assessed.

533 Conclusions

534 The experimental study presented in this paper investigated the effects of silt content and 

535 magnitude of intermediate principal stress on the stress-strain, excess pore pressure and 

536 strength behavior of silt-clay transition soils. Undrained true triaxial tests with constant  𝑏

537 values were performed on normally consolidated specimens of silt-clay soils created from the 

538 same base clay and non-plastic silt but with systematically varying gradations. It was observed 

539 from the experimental results that with increasing amount of non-plastic silt, the transition soils 

540 clearly exhibited stiffer stress-strain response as indicated by higher values of undrained 

541 modulus evaluated at different levels of strain. For  values of 0.2 and less, the silt-clay soils 𝑏

542 showed smooth stress-strain curves up to large strains. For higher  values, the stress-strain 𝑏

543 curves corresponded to be more “brittle” behavior. That is, they increased sharply to reach 

544 failure at smaller major principal strains. The peak values of principal stress difference were 

545 often followed by significant reductions in strength. 

546 Under three-dimensional stress conditions, the normally consolidated soils exhibited overall 

547 contractive tendency during shear. Regardless of  value, the pore pressure changes increased 𝑏

548 more sharply to reach higher maximum values as the silt content was increased. When the 

549 effect of change in principal stresses was considered, less contractive tendencies, as determined 

550 by smaller values of the Henkel and Wade pore pressure parameter corresponding to the 

551 maximum principal stress difference ( ), were observed.𝑎𝑓

552 For all  values considered, the undrained shear strengths and effective friction angles of 𝑏

553 the silt-clay transition soils were observed to significantly increase with the amount of silt. The 

554 strength values also increased by as much as 25% as  increased from 0.0 to the intermediate 𝑏
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555 value of 0.4. The shear strengths and friction angles then gradually decreased as b values 

556 increased toward unity.

557 Curved total and effective failure surfaces in octahedral planes were observed for all 

558 cohesive soils, clearly suggesting the influence of intermediate principal stress on failure. With 

559 increasing silt content, both the total and effective stress failure surfaces expanded and their 

560 shapes became more sharply triangular. Such observations signify higher shear strengths and 

561 more pronounced frictional response of the tested soils, possibly due to interparticle friction 

562 among the silt grains that are in greater contact with one another with increasing silt content.

563 Traces of the plastic potential function in the octahedral plane were observed to be 

564 approximately similar to those of the failure surfaces, being rounded triangles in shape, even 

565 in the early stages of shearing. The shapes of plastic potential surfaces clearly changed, 

566 becoming more sharply triangular with increasing silt content. Traces of the plastic potential 

567 function in the triaxial plane were observed to be flattened ellipses or “cigar-like” in shape with 

568 rounded tips on the hydrostatic axis. As the amount of non-plastic silt in the soils increased, 

569 the shapes of plastic potential surfaces in the triaxial plane became flatter with more pointed 

570 tips.
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Figure Captions

Fig. 1. Particle-size distribution for tested silt-clay soils. Gradation curve of non-plastic silt is 

plotted for comparison.

Fig. 2. Scanning electron micrographs at a magnification of 1000.

Fig. 3. True triaxial apparatus: (a) cutaway view of cell and (b) photograph of prismatic soil 

specimen and horizontal loading system.

Fig. 4. Stress differences, effective stress ratios, pore pressure changes versus major principal 

strains for b values of 0.0, 0.1, 0.2 and 0.4.

Fig. 5. Stress differences, effective stress ratios, pore pressure changes versus major principal 

strains for b values of 0.6, 0.8, 0.9 and 1.0.

Fig. 6. Shear band developed in prismatic specimen. Shear band offset is visible on σ_3 side 

of specimen.

Fig. 7. Variation of values of Henkel-Wade pore pressure parameter a ̅_f versus b values.

Fig. 8. Intermediate and minor principal strains versus major principal strains.

Fig. 9. Variation of values of initial tangent modulus and secant modulus evaluated at 50% of 

maximum stress differences normalized with effective consolidation pressures with b values.

Fig. 10. Variation of undrained shear strengths normalized by effective consolidation pressures 

versus b values. Predictions by Mises and Tresca failure criteria are also plotted for 

comparison.

Fig. 11. Variation of effective friction angles versus b values. Predictions by Mohr-Coulomb 

and Lade failure criteria are also plotted.

Fig. 12. Total stress failure surfaces in octahedral planes. Mises and Tresca failure surfaces 

corresponding to undrained shear strengths of b = 0.0 tests are also plotted.

Fig. 13. Effective stress failure surfaces in octahedral planes. Mohr-Coulomb and Lade failure 

surfaces corresponding to strengths of b = 0.0 tests are also plotted.
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Fig. 14. Directions of plastic strain increment vectors projected on octahedral planes.

Fig. 15. Directions of plastic strain increment vectors in triaxial plane for triaxial compression 

tests (b = 0.0) and true triaxial extension (b = 1.0) test on Soil 1.
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Table 1. Clay, silt, sand contents and properties of tested silt-clay soils.

Soil property Soil 1 Soil 2 Soil 3

Amount of base clay in mixture (%) 100 57 29

Amount of non-plastic silt in mixture (%) 0 43 71

Clay content (%) 74 49 30

Silt content (%) 24 50 69

Sand content (%) 2 1 1

Liquid limit 55 42 30

Plastic limit 35 31 24

Plasticity index 20 11 6

USCS classification MH ML ML

Specific gravity 2.64 2.64 2.65

Skempton’s activity coefficient 0.27 0.22 0.20

Water content of sample (%) 38 29 23

Initial void ratio of sample 0.95 0.77 0.65

Unit weight of sample (kN/m3) 18.34 18.84 19.42
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Table 2. Parameter values for Tresca, Mises, Mohr-Coulomb, and Lade failure criteria and 

Lade-Nelson elastic model.

Criterion and model Model parameter Soil 1 Soil 2 Soil 3

Tresca  (kPa)𝜏𝑚𝑎𝑥 51 67 87

Mises  (kPa)𝜏𝑚𝑎𝑥 51 67 87

Mohr-Coulomb  (deg)𝜑′ (𝑏 = 0.0) 21.27 27.97 37.64

𝑚 0.44 0.30 0.16
Lade

𝜂1 7.24 12.02 26.30

𝜈 0.21 0.29 0.34

𝑀 25 100 300Lade-Nelson elastic model

𝜆 0.72 0.41 0.33
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Fig. 1. Particle-size distribution for tested silt-clay soils. Gradation curve of non-plastic silt is plotted for 
comparison. 

166x167mm (300 x 300 DPI) 
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Fig. 2. Scanning electron micrographs at a magnification of 1000. 

111x122mm (300 x 300 DPI) 
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Fig. 3. True triaxial apparatus: (a) cutaway view of cell and (b) photograph of prismatic soil specimen and 
horizontal loading system. 

119x169mm (300 x 300 DPI) 
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Fig. 4. Stress differences, effective stress ratios, pore pressure changes versus major principal strains for b 
values of 0.0, 0.1, 0.2 and 0.4. 

247x163mm (300 x 300 DPI) 
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Fig. 5. Stress differences, effective stress ratios, pore pressure changes versus major principal strains for b 
values of 0.6, 0.8, 0.9 and 1.0. 

247x163mm (300 x 300 DPI) 
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Fig. 6. Shear band developed in prismatic specimen. Shear band offset is visible on σ_3 side of specimen. 

199x145mm (300 x 300 DPI) 
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Fig. 7. Variation of values of Henkel-Wade pore pressure parameter a _f versus b values. 

172x172mm (300 x 300 DPI) 
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Fig. 8. Intermediate and minor principal strains versus major principal strains. 
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Fig. 9. Variation of values of initial tangent modulus and secant modulus evaluated at 50% of maximum 
stress differences normalized with effective consolidation pressures with b values. 
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Fig. 10. Variation of undrained shear strengths normalized by effective consolidation pressures versus b 
values. Predictions by Mises and Tresca failure criteria are also plotted for comparison. 
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Fig. 11. Variation of effective friction angles versus b values. Predictions by Mohr-Coulomb and Lade failure 
criteria are also plotted. 
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Fig. 12. Total stress failure surfaces in octahedral planes. Mises and Tresca failure surfaces corresponding to 
undrained shear strengths of b = 0.0 tests are also plotted. 
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Fig. 13. Effective stress failure surfaces in octahedral planes. Mohr-Coulomb and Lade failure surfaces 
corresponding to strengths of b = 0.0 tests are also plotted. 
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Fig. 14. Directions of plastic strain increment vectors projected on octahedral planes. 
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Fig. 15. Directions of plastic strain increment vectors in triaxial plane for triaxial compression tests (b = 0.0) 
and true triaxial extension (b = 1.0) test on Soil 1. 
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