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36 Abstract: Quantitative laboratory studies on the structural behavior of natural intact marine 

37 clays require a large number of identical natural samples leading to an expensive and 

38 challenging task. This study proposes a simple method to reconstruct an artificial structured 

39 marine clay as the state of its natural intact clay at both macro and micro levels. For this 

40 purpose, the Shanghai marine clay is selected and mixed with low cement contents (1-6%). 

41 The clay-cement slurry is mixed in a container with the ice-covered sides at a low temperature 

42 about 0±2 °C to postpone the hydration reactions until consolidation began. The purpose of 

43 adding cement is to generate the inter-particle bonding and structure in reconstituted samples. 

44 Initially, the reconstituted samples are consolidated under the in-situ stress of 98 kPa and then 

45 under the pre-consolidation pressure of 50 kPa. Mechanical characteristics such as compression 

46 index, yield stress, unconfined compression strength, shear strength ratio, and the stress paths 

47 from triaxial tests are compared with natural intact clay accordingly. Scanning electron 

48 microscope and mercury intrusion porosimetry analyses are also performed to analyze the 

49 microstructure of clays for comparison. Furthermore, the proposed method is also examined 

50 by using natural intact marine clays of different locations and characteristics. 

51 Keywords: Structured marine clay; reconstruction method; stress path; compressibility; 

52 microstructure.

53 1. Introduction 

54 The combined effects of fabrics, inter-particle forces and their composition are called soil 

55 structure, whereas, the term "fabric" is the arrangement of particles, particle groups and pore 

56 spaces [1]. Structured marine clays are originated in coastal, marine, deltaic or by the 

57 combination of depositional environment. Such deposition has been occurred during the past 

58 20,000 years in the last phase of the Pleistocene period [2]. These clays have complex 

59 geotechnical behaviors due to a combination of various environmental, geologic and chemical 

60 processes during the deposition.  These clays are habitually encountered and dealt in ocean 
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61 geotechnical engineering [3,4], and constitute one of the typical strata in the shallow range of 

62 deep-water seabed [5,6]. Such clays are considered to be as the problematic soils because of 

63 high compressibility, poor shear strength and high-water content which cause a severe 

64 construction challenge for the geotechnical engineers in the marine environment [7-10]. Since 

65 the strength of such clays is generally governed by their structure [11] which becomes unstable 

66 and break down under loading, the soil structure assessment of such kinds of clays becomes 

67 crucial.

68 Soil structure is an inherent property of natural clays; since the soil structure is a combination 

69 of fabric and inter-aggregate bonding [12], it has a substantial effect on the mechanical 

70 characteristics of clays [13-15]. The structured marine clay deposits depend on their 

71 consolidation history, deposition, sedimentation, and subsequent straining [7,16,17], and 

72 usually, these features cannot be traced down, precisely, for most natural clays [18,19]. 

73 However, these deposits express the destructuration during straining due to the quick loss of 

74 inter-aggregates bonding [17], which complicates the sampling of natural intact clay. Since the 

75 natural samples are more or less disturbed with variations, it becomes difficult to get identical 

76 samples, and thus it makes quantitative relationship between the structure and the mechanical 

77 characteristics of natural clayey samples questionable. To seek an effective way, artificial 

78 generating of a structured clay could be a good choice. In such case, precise reconstruction of 

79 artificially structured clay samples close to the natural soils is a crucial consideration.

80 Limited literature is available on the reconstituted methods of soft clays that try to generate 

81 similar mechanical behavior to that of natural intact clays. Bjerrum and Rosenqvist [20] tried 

82 to reconstitute the Norwegian clay by deposition in salt water performing a lengthy procedure 

83 of twenty-three months. Pusch and Arnold [21] reconstituted the quick clay from the illite 

84 powder. The organic material from illite was removed using peroxide, later the illite was 



4/48

85 deposited in sea water with a salinity of 35 g·L−1. The sensitivity was increased from 2.1 to 

86 merely 3.7 after consolidation and leaching in a geotechnical centrifuge, consequently not 

87 characterizing the quick clay. Kamon and Nagao [22] reconstituted the cemented clays using 

88 the sodium silicate by 5% in weight. These clays showed larger compressibility, yield stress 

89 and undrained strength than the non-cemented clays. Tsuchida et al. [23] duplicated the 

90 compression behavior of natural intact clays by consolidating the clay slurry at a high 

91 temperature. This is because the key advantage of high temperature consolidation is to increase 

92 the cementation action. Meijer and Dijkstra [24] reconstructed small sized (25 mm in Height) 

93 quick clay samples by leaching using the geotechnical centrifuge, resulting in low undrained 

94 strength and high void ratio compared to the natural intact sample. Udaka et al. [25] also 

95 reconstituted the samples using cement content and tried to duplicate the natural compression 

96 behavior of clays without equating it to the natural intact clays. Regardless of an inadequate 

97 success in the past, a method is still needed to reconstruct the artificially-structured clays. The 

98 first advantage of such approach is the freedom to reconstitute the samples of any shape and 

99 size for laboratory modeling. Secondly, it can also reduce the need for expensive natural intact 

100 sample having the soil structure disturbance. Thirdly, this method can also allow the reuse of 

101 obtained samples for quantitative studies regarding the soil structures and mechanical 

102 characteristics. 

103 Because of the aforementioned reasons, a new, simple, inexpensive and time-efficient method 

104 is devised which can reconstitute the structured clay and replicate the geotechnical behaviors 

105 similar to the natural intact clay. The proposed method is close enough to the natural 

106 structuration process of structured marine clays. To generate the flocculation and cementation 

107 in soil structure, low cement content is used. The soil-cement slurry is consolidated under a 

108 certain pressure to avoid the time-consuming natural structuration process. Undrained triaxial 

109 tests, oedometer tests, and unconfined compression tests are performed on both artificially-
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110 structured and natural intact clay samples to examine their similarity at the macro level. The 

111 microstructures of natural intact and reconstituted clays are investigated by mercury intrusion 

112 porosimetry (MIP) and scanning electron microscope (SEM) analyses. Furthermore, different 

113 Shanghai marine clays are reconstituted with the analogous mechanical behavior of their 

114 natural intact samples.

115 2. Effect of cement on the structure of marine clays

116 Due to the addition of cement in clays, interparticle forces become negative due to the tensile 

117 resistance of cemented bond, which increases the strength of cemented clay [26]. Many 

118 researchers [27-33] have studied the mechanical characteristics and microstructure formation 

119 within the soil skeleton due to the cement under different curing times and reconstituted 

120 methods in the recent years. The use of cement as an additive to improve the stiffness and 

121 strength of marine clays is also well recognized [34-37]. Increasing cement content decreases 

122 the soil ductility, which has also been observed by various researchers as a large post peak fall 

123 in the strength of the cemented soil [27,32]. The yield stress of cemented clay is higher than 

124 the untreated one, and an increasing behavior of yield stress with cement leads to a sharp 

125 decrease in the void ratio. This trend is also perceived in natural structured soils [38,39], and 

126 the mechanical characteristics of both natural and reconstituted soils are governed by their 

127 structures [40]. 

128 Due to the addition of cement, the microstructure of clays affects by the formation of calcium 

129 ions in interlayer which enhances the attraction between clay particles and procedure the 

130 flocculated aggregates [28]. The cementation products such as calcium silicate hydrates (CSH), 

131 calcium aluminate hydrates (CAH) and calcium aluminum silicate hydrates (CASH) are 

132 formed in clay-water mixture with cement addition [41]. These cementation products improve 

133 the inter-aggregate bonding, reduce the pores, and increase the strength of clayey soils [27,30]. 
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134 With increasing curing time, the cementitious products fill the large sized pores and increases 

135 the volume of small-sized pores [28,30,42].

136 3. Materials and methods

137 3.1 Shanghai marine clay 

138 Shanghai is located in the Yangtze river delta in east China as shown in Fig. 1.  The Yangtze 

139 river has deposited a large volume of fine sediments in the last 20,000 years. Up to 30 to 40m 

140 depth, these sediments have soft deltaic nature and are distributed into five layers of soft marine 

141 clays by their depositional history, mechanical and physical characteristics [43,44]. These clays 

142 are also recognized as Shanghai marine clays. Deposition of these clays has occurred due to 

143 the Pleistocene sediments (mainly silty clay) and Holocene sediments (silty clay, mucky silty 

144 clay) [44,45]. The engineering characteristics of Shanghai clays are affected by the depositional 

145 environment. Shanghai clay from the 4th layer of stratum was selected for this research because 

146 it has a significant effect on underground construction [46-50]. It is a traditional structured 

147 marine clay with high compressibility, low strength, and high-water content. Two structured 

148 marine clays were collected from two different sites for the development and validation of 

149 reconstituted method. Disturbed and natural intact samples were collected from an excavation 

150 site of Putuo District, Shanghai from the depth of 12m for method development. The natural 

151 intact samples were collected using the block sampling method. The block sides were sealed 

152 with wax and wrapped with polyethene shrink sheet to avoid sample disturbance and water 

153 evaporation [51].   The clay, silt and sand contents are 24%, 74%, and 2% respectively, in this 

154 sample, and the values of liquid (wL) limit and plasticity index (Ip) are 36.6% and 16.94 % 

155 respectively. A sample for method validation was collected from a construction site of Minhang 

156 District, Shanghai from the depth of 16m. The clay, silt and sand contents in the sample are 

157 40%, 59%, and 1% respectively, and values of liquid limit and plasticity index are 45.5% and 
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158 121.35% respectively. Both samples are classified as low plastic clay (CL) based on the Unified 

159 Soil Classification System. The physical and mechanical characteristics of both samples are 

160 presented in Table 1.

161 3.2 Reconstitution method of structured clay 

162 Reconstitution method was divided into two parts; clay-cement slurry composition, and slurry 

163 consolidation under effective vertical pressure. To make the slurry, the oven-dried pulverized 

164 clay was passed from 2 mm sized sieve to remove the impurities, and the de-aired distilled 

165 water was mixed in subjected clay. The initial water content ratio of clay slurry was 1.5wL. 

166 When consolidation of soft clay deposits on seabed commences in natural conditions, the water 

167 content is considered to be 1.5 to 2wL [25]. Before adding the cement, the slurry was passed 

168 through 0.5 mm sized sieve for further refinement, and mixed and cooled for approximately 

169 half an hour to keep the temperature about 0±2 °C. The motive of reducing slurry temperature 

170 was to postpone the chemical hydration reaction between clay and cement until consolidation 

171 instigated. Mitchell and Soga [26] explained that cementation erupts during or after applying 

172 the consolidation pressure in natural clays which produce additional forces between particles 

173 contents.  Henceforth, the cementation conditions of natural clay were achieved by keeping the 

174 clay-cement slurry temperature low. For this, the slurry container sides were covered with ice-

175 water mixer. The cement slurry was prepared at a water-cement ratio (w/c) of 1.0 for better 

176 workability and was mixed about 2 minutes to break the particles lumps. Subsequently, both 

177 slurries were mixed for 10 minutes and transferred into the consolidation tube. A fine ordinary 

178 Portland cement was used with different fractions for this study, and its physicochemical 

179 characteristics are given in Table 2. The consolidation tube with the size of 15 cm in diameter, 

180 and 35 cm in height was used for consolidation purpose as shown in Fig. 2. Slurries were 

181 consolidated under one-dimensional vertical pressure (Reconstituted pressure). To determine 
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182 the effect of reconstituted pressure on the method, samples were consolidated under different 

183 reconstituted pressures of 98 kPa and 50 kPa. The pre-consolidation pressure of the undisturbed 

184 state was 50 kPa whereas the in-situ stress of the soil was 98 kPa. Based on these values, one 

185 set of samples was consolidated at the pre-consolidation pressure, and other was consolidated 

186 at the in-situ stress. The reconstituted pressures were applied step by step in 14 days to 

187 consolidate and drain the slurries. Because in natural conditions, the pressure increases with 

188 the time and the strength development due to cementation and the consolidation take place at 

189 the same time. After 14 days, the large-sized samples were obtained from molds and cut 

190 according to required sizes. To avoid the water evaporation from samples, the samples were 

191 stored in the desiccators after wrapping the polyethene shrink sheet for self-curing at 20±5 °C 

192 [51]. 

193 3.3 Determination of required percentage of cement content

194 A trial-based method is used to determine the minimum cement content (c0) at which the clay 

195 structure is affected. This method is recommended by Tang et al. [50], and the required amount 

196 of cement is governed by the unconfined compression strength (qu). The relationship between 

197 cement content (%) and unconfined compression strength (qu) is given in Eq. (1): 

198 (1)𝑞𝑢 = 𝑘(𝑐 ‒ 𝑐0)

199 where, k is the strength coefficient (kPa/%), and c0 is the minimum cement content required to 

200 increase the qu with curing time, and its value is determined by a linear relationship between 

201 the cement content (c) and the unconfined compressive strength. For this study, the required 

202 percentage of cement for shanghai marine clay is determined from a relationship of qu and 

203 cement content given in Eq. 1.



9/48

204 The relationship between cement content and the unconfined compressive strength of Shanghai 

205 marine clay is established in Fig. 3. Samples were reconstituted at 98 kPa vertical pressure and 

206 cured at 7, 14, and 21 days. The k-value increases with an increase in the curing time, and an 

207 average k-value for selected marine clay is 21.39 kPa/% and all trend lines in Fig. 3 have the 

208 same R2-value (correlation coefficient) of 0.99. The c0-value is 2% for clay taken because of 

209 the qu-value increases with an increase in the curing time at 2% cement content. However, the 

210 increment in qu-value of 1% cemented sample is insignificant compared to untreated sample 

211 and also remains unchanged with curing time. It is a trial-based method. Consequently, 1%, 

212 2%, and 3% cement contents were selected for further study.

213 To determine the c0-value for reconstituted clays, a lengthy procedure to perform a series of 

214 unconfined compression tests at different cement contents and curing times can be avoided by 

215 using the relationship of liquid limit and the c0-values developed in Fig. 4. The liquid limit (wL) 

216 and the c0-value show a good dependency on each other. This relationship is drawn by using 

217 the data of six marine clays. Out of six, data of five Japanese marine clays are taken from 

218 previous research [25], and the Atterberg’s limits and the c0-values of these clays are presented 

219 in Table 3. The expression between the liquid limit and the c0-value is proposed in Eq. 2. 

220  (2)𝑐0(%) = 0.0012𝑤2
𝐿 ‒ 0.1059𝑤𝐿 + 4.144

221 The R2-value is 0.84. A good and reliable correlation must have a high value of R2, and its 

222 value indicates a good accuracy to predict the c0-values of other marine clays.

223 3.4 Test methods

224 Delage et al. [52] freeze-drying technique was used to prepare the MIP and SEM samples. The 

225 125 mm3 sized samples were cut with a scalpel to avoid soil structure disturbance. The 

226 specimens were frozen in isopentane which was cooled to its melting point in liquid nitrogen. 
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227 This process avoids gaseous bubbling caused by direct immersion of soil specimens in liquid 

228 nitrogen at -196 °C. During quick freezing, the temperature of the samples was -130 °C to 

229 avoid ice crystals formation. The vacuum freeze dryer was used for sublimation of water at -

230 70 °C.

231 Scanning electron microscope (SEM) analyses were accomplished to visualize the 

232 microstructural deviations in the clay structure. The samples were positioned on the aluminum 

233 stubs and shielded the sides with conducting tape. The ion sputter (Hitachi E-1045) was used 

234 to deposit a thin metal coating of gold (Au) on the samples’ surface which made them 

235 electrically conductive and also facilitated to avoid charge build-up during the observation. 

236 After this, the SEM analyses were performed using Field Emission Scanning Electron 

237 Microscope (Philips FEI Sirion 200) apparatus.

238 The pores sizes and their distributions in microstructures of reconstituted and natural intact 

239 samples were analyzed using AutoPoure IV 9500 (Micromeritics) mercury intrusion 

240 porosimeter (MIP). The MIP working is based on Washburm [53] principle.

241 (3)𝑝 =‒
4𝐻𝑔𝑐𝑜𝑠 𝜃

𝑑

242 where, p is applied pressure of mercury intrusion (maximum 225 MPa in this study);  is the 

243 mercury-soil contact angle (130o in this study); Hg is the surface tension (485 dynes/cm at 25 

244 °C); d is the pore diameter. 

245 One-dimensional oedometer tests were performed to determine the compressibility behavior 

246 of samples. Oedometer rings of 2 cm in height, and 6 cm in diameter were used to cut the 

247 required sized samples from a sizeable sample. Consolidation pressures were applied from 12.5 

248 to 1600 kPa in eight steps. Duration of each pressure was 24 hrs.  
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249 A computerized GDS triaxial apparatus [54] was used to conduct the consolidated undrained 

250 triaxial (CU) tests. The effective confining and back pressures were 10 and 100 kPa 

251 respectively, during the saturation stage. During the shear and consolidation stages, the 

252 effective confining pressure applied was 200 kPa. The samples were tested with the 

253 displacement rate of 0.011 mm/minute and this adopted strain rate facilitated to achieve a more 

254 uniform distribution of pore water pressure within the sample, particularly at the time of failure. 

255 The unconfined compressive tests were performed to determine the shear strength of the 

256 reconstituted and natural intact samples. The sample size was of 3.91 cm in diameter, and 8 cm 

257 in height. The tests were performed at the shearing rate of 1 mm/min. Table 4 shows the details 

258 of tests conducted for this study concerning different cement contents, reconstituted pressures 

259 and curing times.

260 4. Macrostructure results and discussion

261 4.1 Unconfined compressive strength

262 Unconfined compression tests were performed to determine the shear strength of the 

263 reconstituted and natural intact samples. Fig. 5a illustrates a comparison of stress-strain curves 

264 of reconstituted and the natural intact samples. The stress-strain behavior of cemented clay 

265 shows ductile, semi-brittle and brittle behavior at different cement contents. It is examined that 

266 with increasing cement content, the peak axial stress increases while corresponding strain 

267 decreases. Meanwhile, the increment in the formation of calcium silicate hydrates (CSH) with 

268 cement content causes an increase in the unconfined compression strength [55,56]. The qu-

269 value of the intact sample is almost the same as the value of 2% cemented sample. However, 

270 the stress-strain response of the intact sample curve is more ductile as compared to 2% 

271 cemented sample. 
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272 Shear strength ratio (qu(Intact)/qu(untreated)) of the natural intact sample is 2.44 as shown in Fig. 5b. 

273 The ranges of shear strength ratios (qu(cemented)/qu(untreated)) for 1%, 2%, and 3% cemented 

274 samples are 1.43-1.49, 2.4-3, and 3.95-4.21 at different curing time respectively. Hence, the 

275 shear strength ratio of the natural intact sample is almost the same as 2% cemented sample. 

276 4.2 Compression characteristics

277 One-dimensional oedometer tests were performed to analyze the effect of cement content on 

278 macrostructure of clay concerning initial void ratio (e0), compression index (Cc), swell index 

279 (Cs), and yield stress (y). 

280 4.2.1 Effect of cement content on the reconstituted method with respect to compression 

281 characteristics 

282 Comparison of e-log(P) relationships for reconstituted and natural intact samples are presented 

283 in Fig. 6a. These samples were reconstituted at 98 kPa. The yield stresses (y) of reconstituted 

284 samples and pre-consolidation pressure of natural intact samples were calculated by using the 

285 Casagrande method [57]. In this study, the pre- and post-yield regions are the parts of 

286 compression curve before and beyond the yield stress respectively. There is a minor change of 

287 the void ratio in the pre-yield region due to strong interparticle bonding while the applied 

288 consolidation pressure is also lower than the yield stress of reconstituted samples. However, in 

289 the post-yield region, the void ratio decreases promptly due to the breakage of cementation 

290 bonds (destructuration) [27].

291 Moreover, all bonds are not broken down when the yield is initiated, and only those bonds 

292 subjected to stresses are demolished [58]. The y-values of reconstituted samples due to 

293 structure reflect the bond strength [11] and this bond strength is possibly due to cement content 

294 and reconstituted pressure [32]. Consequently, the yield stress of cemented soils increases with 
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295 the increment of cement content and reconstituted pressure. Moreover, the initial void ratio 

296 increases with increasing the cement content because samples were reconstituted under 

297 pressure. Due to the reconstituted pressure, the void ratio decreases due to the dissipation of 

298 water and air. Meanwhile, the hydration reaction also starts, and cemented samples begin to 

299 harden up. Consequently, the sample having more cement content gain more structure 

300 (strength) in short time and the effect of pressure on void ratio decline and sustain more void 

301 ratio as compared to the sample treated with less cement.

302 Figure 6b describes the effect of cement content on compression index (Cc).  The values of Cc 

303 are calculated at each consolidation pressure and the relationship between Cc and log(P) is 

304 drawn in logarithmic scale. The values of Cc for all treated samples are lower than those of 

305 natural intact sample at consolidation pressure of up to 70 kPa because the compressibility of 

306 reconstituted samples is less in the vicinity of yield stress (Fig. 6b). The compression indices 

307 of reconstituted samples increase rapidly after yield point. When the consolidation pressure 

308 reaches between 1 to 2 times of yield stress, samples behave inversely at different cement 

309 contents. Udaka et al. [25] also discussed the similar behavior of cement-treated Japanese 

310 marine clays. Compression indices of natural intact, 1% and 2% cemented samples become 

311 almost constant when the pressure exceeds 1.7 times of yield stress. However, for 3%, 4%, and 

312 6% cement content samples, the compression indices sustain their increasing behavior with 

313 consolidation pressure even beyond the vicinity of yield stress.  

314 The compression behavior of natural and reconstituted samples at 7 days curing and 50 kPa 

315 reconstituted pressure is established in Fig. 7. The initial void ratio (e0) and swell index (Cs) of 

316 the natural intact sample is the closer to the 1% cemented sample. However, the post-yield 

317 curve of the intact sample is parallel to the post-yield curve of 2% cemented sample. And the 

318 values of pre-consolidation pressure and compression index of the natural intact sample are 
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319 close to the values of yield stress, and compression index of 2% cemented sample. The 

320 compression characteristics (Cc and y) of 3% cemented sample are higher, and compression 

321 characteristics of the untreated sample are lower than those of the natural intact sample. The 

322 Cc-curves of natural and reconstituted samples are shown in Fig. 7b. For the naturally structured 

323 marine clays, compression index becomes maximum when the consolidation pressure exceeds 

324 pre-consolidation pressure, afterwards it gradually decreases and tends to become constant 

325 [25]. The Cc-curve of 1% cemented sample shows similar behavior. However, the Cc-curve 

326 behavior of 2% cemented sample is more identical to the natural intact one.

327 4.2.2 Effect of reconstituted pressure 

328 Figure 8 shows a comparison of the natural sample with 2% cemented samples reconstituted 

329 under 50 and 98 kPa. Sample reconstituted under 98 kPa has higher values of yield stress, and 

330 low values of compression and swell indies as compared to sample reconstitutes at 50 kPa and 

331 the natural intact sample as shown in Fig. 8a. Zhang et al. [32] determined that the increment 

332 in the consolidation pressure during the reconstitution of clays induces more strength and 

333 decreases the compressibility.  Moreover, the behavior of Cc-curve of 98 kPa reconstituted 

334 sample is not similar to Cc-curve of intact sample in the pre-yield region and also has lower Cc-

335 value than intact sample in the post-yield region (Fig. 8b). On the other hand, sample 

336 reconstituted under 50 kPa have the same values of y and Cc, and its Cc-curve trend is also 

337 identical to the intact sample in pre- and post-yield region.

338 4.2.3 Effect of curing time on the reconstituted method with respect to compression 

339 characteristics

340 Effect of curing time on compression characteristics of 2% cemented samples is illustrated in 

341 Fig. 9. The 7 days’ cured samples have higher initial void ratio and swell index as compared 
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342 to 14- and 28-days’ cemented samples as shown in Fig. 9a. It indicates that inter-aggregate 

343 pores have large size at an initial stage and are filled by cementitious material due to pozzolanic 

344 reaction with increasing curing time [40]. The effect of curing time on the y- and Cc-values of 

345 2% cemented samples is insignificant. These values are almost equal to p and Cc of the intact 

346 sample. The Cc-curves of 2% cemented samples at different curing times shows a similar trend 

347 to the natural intact one (Fig. 9b).

348 4.3 Consolidated undrained triaxial test

349 Previous studies have revealed that the effect of structure on the mechanical behavior of 

350 Shanghai clay can be observed in the undrained triaxial tests [5,9,59]. Therefore, consolidated 

351 undrained triaxial (CU) tests were performed on natural and artificially structured clays, and 

352 artificially structured clays were reconstituted under 50 kPa from oedometer test findings. The 

353 curing times of reconstituted samples were 7, 14 and 21 days. Usually, reconstituted samples 

354 display strain hardening behavior at the effective confining pressure of lower than the yield 

355 stress [27,60,61]. To avoid the influence of over-consolidation, effective confining pressures 

356 for all tested samples were more than their yield stress. The natural intact sample was tested 

357 with three different effective confining pressures (100, 200, and 300 kPa) while for artificially 

358 structured samples, effective confining pressure was 200 kPa. 

359 4.3.1 Stress-strain and excess pore pressure behavior

360 The behaviors of deviatoric stress (q), excess pore pressure (u), and stress ratio are discussed 

361 in Fig. 10. It is seen that cement content has a significant influence on q and u, and the peak q- 

362 and u-values increases with increasing the cement content [63]. However, the increment in u 

363 is not meaningful. The q and u generate rapidly at the lower strain level in tested samples. The 

364 increasing behavior of q continues even after 20% of strain, however, the generation of the u 
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365 decreases after attaining a peak at a specific strain range. A clear dilation can be observed in 

366 u-curves, and strain hardening behavior is observed in all the samples (reconstituted and 

367 natural) with positive excess pore pressure. Such strain hardening behavior is due to a large 

368 amount of silt content, and this trend is also discussed by Wang et al. [62] for low plastic fine-

369 grained soils. The peak deviatoric stress of natural intact sample is in between 2% and 3% 

370 cemented samples. However, at 2% cement content, peak excess pore pressure and stress ratio 

371 values are almost the same as the intact one. 

372 4.3.2 Stress paths and critical state lines

373 Stress paths and critical state lines of the natural intact samples are presented in Fig. 11. 

374 Initially, all stress paths move almost parallel to the q-axis due to the increase in deviatoric 

375 stress (q) in p-q stress plane. After this, the stress paths display contractive behavior with the 

376 increment of q and the decrement of mean normal effective stress (p). During this stage, 

377 positive excess pore water pressure is generated, and breaking of cementation bonds is also 

378 accrued. After attaining the critical state, the stress paths show dilation (strain hardening) with 

379 an increase in q as well as p. This strain hardening behavior usually shows dense sands or 

380 over-consolidated clays during shearing. However, the tested specimens are in the normal 

381 consolidation state because the applied effective confining pressure is more than their pre-

382 consolidation stress/yield stress [64]. This behavior of stress paths is possibly due to the large 

383 quantity of silt content [62]. The critical state lines (CSL) of the natural intact sample is well 

384 defined with the M-value of 1.38.

385 The stress paths of reconstituted samples are also shown strain hardening behavior as presented 

386 in Fig. 12. Figure 12a presents the stress paths of 1% cemented samples at 7, 14- and 21-days 

387 curing time. All samples failed on the same critical state line. Though the study shows that the 

388 M-values of highly cemented clays increases with curing time [27]; however, no clear effect of 
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389 curing time on the M-values is found at low cement content. Similar stress paths behaviors can 

390 be seen in Fig.12b and Fig. 12c for 2% and 3% cemented samples respectively. The M-values 

391 of 1%, 2% and 3% cemented samples are 1.25, 1.4 and 1.5 respectively. 

392 Fig. 13 illustrates the comparison of stress paths. The CSL of the natural sample is drawn with 

393 M-value of 1.38 in Fig. 13. The stress path of 1% cemented sample failed below, and that of 

394 3% failed above the CSL of the natural intact sample. However, the 2% cemented sample failed 

395 on CSL of the natural intact sample and having approximately equivalent the M-values. 

396 5. Microstructure results and discussion

397 5.1 Pore size distribution analysis

398 According to Lapierre et al. [38], mercury intrusion porosimetry (MIP) measures entrance pore 

399 diameter. It cannot measure the inside diameter of the pores; henceforth, it is assumed that the 

400 pore shape of soil is cylindrical. 

401 5.1.1 Effect of cement content on the pore size distribution

402 Figure 14 shows a comparison of pore size distribution (PSD) of natural and reconstituted 

403 samples at 21 days curing time. On the vertical axis in Fig. 14a, Vp/logDp is plotted, where 

404 Dp is the pore size diameter and Vp indicates the pores volume whose diameter is Dp. The term 

405 “Vp/logDp “is known as pore density [65]. The pores sizes vary from 0.01m to 300 m in 

406 Fig. 14. The PSD curves show extra narrow peaks about 7 m which probably could be due to 

407 two causes. Firstly, the potential samples cracking happened during the freeze-drying process, 

408 possibly of which lies in high initial water content after reconstitution. Secondly, these narrow 

409 peaks could be due to the high silt content in samples. With the addition of cement content, the 

410 pores densities of these narrow peaks reduce. It is due to cementation material that filled the 
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411 large-sized pores. The PSD curves of untreated, 1% and 2% cemented samples have more pore 

412 densities at 7 m compared to natural intact, and 3% cemented samples as shown in Fig. 14a. 

413 The densities of narrow peaks reduce with the increment of cement.

414 The broader peaks of natural intact, untreated, 1% and 2% cemented samples are around 0.2 

415 m, and the 3% cemented sample has about 0.6 m. These curves have more pores volume as 

416 compared to narrow peaks. The pore densities of broader peaks increase with the increment of 

417 cement content due to flocculation of particles which causes to produce the pores. The 

418 cementation material fills the large pores, binds the aggregates together, converts the large 

419 pores into small pores and also increases total pore volume due to more reticulation of particles. 

420 Fig. 14b shows a relationship between cumulative pore volume and pore diameter. With an 

421 increment of cement content from untreated to 3%, total pore volume increases due to 

422 additional reticulation of particles, and it also enhances the inter-cluster bonding.   

423 5.1.2 Effect of curing time on the pore size distribution

424 Figure 15 illustrates a comparison of PSD curves of natural intact sample with 2% cemented 

425 samples at different curing time. With an increment of curing time, pore densities decrease due 

426 to the formation of cementitious material as shown in Fig.15a. Figure 15b shows that pores 

427 volume larger than 1µm decreases with the curing time because cementitious material fills the 

428 large sized pores and convert them into small sized pores. However, total pores volume 

429 decreases with curing time for cemented samples. For the natural intact sample, pore volume 

430 (Dp<10 µm) is 0.14 cm3/g and pore volume (Dp<10 µm) of 2% cemented samples varies from 

431 0.125 to 0.155 cm3/g with curing time. Therefore, the pores volume (Dp<10 µm) of 2% 

432 cemented samples is almost the same as natural intact one. The majority of pores are smaller 

433 than 10 µm in both 2% cemented and intact samples soil structures, and these pores dominate 

434 the mechanical behavior of both soils because the pores diameters larger than10 µm are air 
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435 pores [53]. Hence, the mechanical behavior of 2% cemented samples is similar to intact one. 

436 At 21 days curing, the 2% cemented sample has the same total pore volume as the natural intact 

437 one. 

438 5.2 Scanning electron microscope analysis

439 Figure 16 illustrates a comparison of typical SEM microimages of natural intact sample with 

440 the samples reconstituted at 50 kPa. The SEM image of the natural intact sample shows an 

441 open type of microstructure in Fig. 16a, with flat clay particles assembled in a dispersed 

442 arrangement and also covered large silt particles. The large sized silt particles can be identified 

443 in Fig. 16. The microstructure of Shanghai marine clay has different sizes of pores due to silt 

444 particles. It is also verified by the pore size distribution (PSD) curves as discussed in the below 

445 section. Untreated and 1% cemented samples also have an open type dispersed structure 

446 identical to the microstructure of natural intact sample as shown in Fig.16b and Fig.16c 

447 respectively. The effect of cement content cannot be observed in the case of 1% cemented 

448 sample. The microstructure of 2% cemented samples is also similar to intact one, but it exhibits 

449 some signs of particles reticulation on the left side as depicted due to the formation of calcium 

450 silicate hydrates (CSH) in Fig. 14d [66]. Figure 16e shows an SEM image of 3% cemented 

451 sample and effects of cement can be observed on microstructure in the form off reticulation 

452 and needle-shaped products. The presence of hydrated products became more evident in 3% 

453 cemented sample which produced different mechanical behavior as compared to the natural 

454 intact sample.

455 6. Steps and validation of reconstitution method 

456 To reconstruct the artificially-structured marine clay identical to its natural intact clay, 

457 following are the steps of the reconstituted method:

458 a) Determine the physical and mechanical characteristics of the natural sample.
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459 b) Determine the c0-value of cement content regarding liquid limit (wL) using Fig. 4 or Eq. 

460 2.

461 c) Select immediate preceding and following percentages of the c0-value obtained in step 

462 (b) for trial and reconstitute the samples as per described method under pre-

463 consolidation pressure.

464 d) Determine the compressibility characteristics and the compression index behavior with 

465 effective consolidation pressure for reconstituted samples at different curing time.

466 e) Compare compressibility behavior of reconstituted samples with the intact sample and 

467 determine the most suitable percentage of cement content.

468 f) Compare stress-strain and stress path behaviors critical state of reconstituted and the 

469 natural intact samples.

470 To follow the above-described steps, the method was applied to another Shanghai marine clay 

471 with different physical characteristics as compared to the previous one. The c0-value 

472 determined from Fig. 4 regarding wL is 2%. Reconstituted samples were prepared at 2% and 

473 3% cement content for trials. Compression curves of reconstituted and natural intact samples 

474 are compared in Fig. 17. Pre-consolidation pressure and compression index of the intact sample 

475 are about the same as yield stress, and compression index of 2% cemented sample. The initial 

476 void ratio, yield stress and compression index of 3% cemented sample are quite higher than 

477 those of intact one. The post-yield behavior of Cc curves of natural intact and 2% cemented 

478 samples is the same. The stress-strain behavior and the stress paths are also compared in Fig. 

479 18. The peak deviatoric stress of intact sample is less compared to 2% and 3% cemented sample 

480 while the M-value, pore pressure, and stress ratio are approximately the same as 2% cemented 

481 one. The mechanical behavior of 3% cemented sample is totally different from the natural 

482 intact one. Overall, the mechanical behavior of 2% cemented sample is analogous to natural 

483 sample.
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484 7. Conclusions 

485 In this study, a method has been proposed to reconstruct the structured clay from the disturbed 

486 state of natural clay, identical to natural intact clay. The developed method is a promising 

487 approach for fast reconstitution of structured marine clays for quantitative element and physical 

488 model testing. The macro and micro characteristics of natural intact and artificial structured 

489 samples were compared by unconfined compression tests, oedometer tests, undrained triaxial 

490 tests, SEM analyses, and MIP tests to examine the effectiveness of the method. After the macro 

491 and micro levels evaluation of the developed method, the following conclusions can be made: 

492 The general mechanical behavior of 2% cemented sample is analogous to the intact Shanghai 

493 marine clay at both macro and micro levels. Additionally, the method is also validated using 

494 another structured marine clay with different index properties. The values of Cc, y, u, and 

495 critical state line (M-value) of artificially structured clay treated with 2% cement are similar to 

496 the natural intact clay.

497 A correlation is also proposed to determine the approximate c0-value of clays from liquid limit 

498 to avoid the lengthy procedure discussed in section 3.3. The c0-value varies from clay to clay 

499 and depends upon the index properties and cement characteristics. However, the final 

500 percentage of cement content can be determined after trials on various cement content along 

501 the c0-value.

502 Overall, the proposed method is fast, economical and simple to reconstitute the artificially 

503 structured soils for quantitative studies, and can be more accurately applied to the structured 

504 marine clays of the south-east Asia region.  
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647 Table 1 Characteristics of Shanghai soft marine clays
648
649
650

Characteristics
Sample 
(Method 

Development)

Sample 
(Validation)

Location Putuo District Minhang 
District

Natural Moisture Content, wn (%) 42.25 41.89
Natural Density, (g/cm3) 1.81 1.84
pH Value 8.25 _
Liquid Limit, wL (%) 36.6 45.5
Plastic Limit, wp (%) 19.66 24.15
Plasticity Index, Ip (%) 16.94 21.35
Activity 0.7 0.54
Specific Gravity, Gs 2.7 2.72
Grain Size Distribution   
Clay Content (%) 24 40
Silt Content (%) 74 59
Sand Content (%) 2 1
Strength Characteristics   
Unconfined Compression Strength, qu (kPa) 40 38.66
Angle of Internal Friction, ⏀' (Degree) 32.8 _
Cohesion, c' (kPa) 20 _
Compression Characteristics   
Compression Index, Cc 0.325 0.27
Pre-Consolidation Stress, ??p (kPa) 50 48
Void Ratio, e0 1.17 1.48

651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
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672
673 Table 2 Physicochemical characteristics of Ordinary Portland cement 
674

Chemical Composition Values (%) Physical Characteristics Values

Calcium oxide (CaO) 62.2 Specific gravity 3.16

Potassium oxide (K2O) 0.6 Specific surface area (m2/kg)
Particle size, retained on 45 m (%)

390
4.3

Sodium oxide (Na2O) 0.4 Initial setting time (min) 45
Silicon dioxide (SiO2) 16.3 Final setting time (min) 390
Aluminum oxide (Al2O3) 5.1 Compression strength (MPa), 3 days 22
Ferric oxide (Fe2O3) 5.2 Compression strength (MPa), 28 days 42.5
Insoluble residue 0.75  
Magnesium oxide (MgO) 5  
Sulphur trioxide (SO3) 3.5  
Loss of ignition 3  
Alkali content 0.6   

675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
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709 Table 3 Atterberg’s limits and minimum cement content of Japanese soft clays (Udaka et al. 
710 [25]).
711
712

Clays Location
Liquid 
Limit, 
wL (%)

Plastic 
Limit, 
wp (%)

Plasticity 
Index, Ip 

(%)

Minimum 
Cement 

Content, c0 
(%)

Fukuyama Port Clay A 99 45 54 6
Fukuyama Port Clay B 97.6 33.8 63.8 5

Osaka Bay Clay 83.3 34.5 48.8 3
Hiroshima Harbor Clay 97.1 40.7 56.4 7.1

Tokyo Haneda Clay 113.2 49.6 63.6 7.5
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
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751 Table 4 Detail of curing time and cement content used in different analyses
752
753

Analysis Tests
Reconstituted 

Pressure 
(kPa)

Cement 
Content (%)

Curing 
Time 

(Days)
Remarks

98 1, 2, and 3 21Scanning Electron 
Microscopy 50 untreated, 1, 2, 

and 3
7, 14, and 

21

Samples dried through freeze-
drying technique and tested by 

SEM apparatus (FEI Sirion 200)
98 1, 2, and 3 21Microstructure

Mercury Intrusion 
Porosimetry 50 untreated, 1, 2, 

and 3
7, 14, and 

21

Samples dried through freeze-
drying method and tested by MIP 

apparatus (AutoPore IV 9500) 

98 1, 2, 3, 4, and 6 7, 14, and 
21Compressibility 

Characteristics Oedometer Test
50 untreated, 1, 2, 

and 3
7, 14, and 

21

Loading Sequence: 12.5, 25, 50, 
100, 200, 400, 800, 1600, 800, 
400, 200, 100, 50 kPa

Unconfined 
Compression Test 98 1, 2, 3, 4, and 6 7, 14, and 

21
Tested by automatic unconfined 
compression machine

Strength 
Characteristics CIU Triaxial 

Compression Test 50   1, 2, and 3 7, 14, and 
21

Effective Confining Pressure: 200 
kPa (For cement-treated samples) 
and 100, 200, and 300 kPa (For 
0% cement-treated samples) 

pH-Value   1, 2, 3, 4, and 6 7, 14, and 
21 Used HORIBA pH meter

754
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838 Fig. 3. Relationship between cement content and unconfined compression strength to 
839 determine minimum cement content (c0).
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841 Fig. 4. Relationship between cement content and liquid limit.
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844 Fig. 5. Comparison of reconstituted and natural intact samples for (a) Unconfined 
845 compression strength; (b) Shear strength ratio.
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848 Fig. 6. Comparison between natural and reconstituted samples with different cement contents 
849 for (a) e-log(p); (b) Cc-log(p)

 
(7 days curing and 98 kPa reconstituted pressure).
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853 Fig. 7. Comparison between natural and reconstituted samples for (a) e-log(p); (b) Cc-log(p)

 

854 (7 days curing and 50 kPa reconstituted pressure).



38/48

855

856
0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1 10 100 1000

Vo
id

R
at

io
,e

Pressure, P (kPa)

Sample Reconstituted at 50 kPa
Sample reconstituted at 98 kPa
Natural Intact Sample

Cement Content= 2%
Curing= 7 Days

(a)

857
858 Fig. 8. Comparison between natural and reconstituted samples at different reconstituted 
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(7days curing and 2% cement content).
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863 Fig. 9. Comparison between natural and reconstituted samples with different curing times for 
864 (a) e-log(p); (b) Cc-log(p)

 
(50 kPa reconstituted pressure and 2% cement content).
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868 Fig. 10. Effect of cement content on (a) q-εa; (b) u-εa; (c) q/p’-εa.
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870 Fig. 11. Stress path and Critical state line of natural intact sample.
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874 Fig. 12. Stress paths and Critical state lines of reconstituted samples at different curing times 
875 for (a) 1% cement content; (b) 2% cement content; (c) 3% cement content.
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877 Fig. 13. Stress paths comparison between natural and reconstituted samples.
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880 Fig. 14. Comparison of PSD curves of natural and reconstituted samples for (a) Dp-
881 Vp/logDp; (b) Dp-Vp.
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884 Fig. 15. Comparison of PSD curves of natural and 2% cement-treated samples at different 
885 curing times for (a) Dp-Vp/logDp; (b) Pore volume change.
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889 Fig. 16. Comparison of SEM images of natural and reconstituted samples at 21 days curing 
890 time for (a) Natural intact sample; (b) Untreated sample; (c) 1% cement content; (d) 2% 
891 cement content; (e) 3% cement content.
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894 Fig. 17. Comparison between natural (S#2) and reconstituted samples for (a) e-log(p); (b) Cc-
895 log(p)

 
(14 days curing).
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900 Fig. 18. Comparison between natural (S#2) and reconstituted sample for (a) q- εa; (b) u- εa; 
901 (c) q/p’- εa (d) q-p’




