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21 Abstract: Preserving the integrity of cement-bentonite cut-off walls, particularly in 

22 aggressive environments, is critical to their serviceability in polluted sites. The 

23 hardened cement-bentonite material in cut-off walls is highly susceptible to desiccation 

24 and wet-dry cycles, commonly leading to cracking. The objective of the work presented 

25 in this paper was to develop crack-resistant cement-bentonite cut-off wall materials 

26 subject to wet-dry cycles. Superabsorbent polymers (SAPs), which are cross-linked 

27 polymers that can absorb and retain a large amount of water and swell as a result, were 

28 employed for this purpose. It is found that the added SAPs increased the compressive 

29 strength by decreasing the water to cement ratio, and that the strain at failure also 

30 increased due to energy dissipative and reinforcement effects. In addition, crack 

31 resistance was greatly improved under the imposed wet-dry cycles as the matrix suction 

32 was reduced as a result of the reduction of the contact between the free pore water and 

33 cement-bentonite particles and the increase of the pore size in the matrix. The 

34 morphology and microstructure of the interconnected foam network formed by the SAP 

35 films in the matrix were identified with SEM-EDX and micro-CT scan analyses. The 

36 results demonstrated the significant potential for SAPs in the development of crack-

37 resistant cement-bentonite cut-off wall materials.

38 Keywords: cement-bentonite; crack resistance; superabsorbent polymer; wet-dry

39

40

41

42

43

44

Page 2 of 48

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



Draft

3

45 Introduction

46 Cement-bentonite mixes have been widely used in cut-off walls initially for hydraulic 

47 cut-off in dam foundations and more recently for the containment of waste or 

48 contaminated ground (ICE, 1999). The mix composition differs from project to project 

49 although generally within a relatively narrow range. Bentonite slurry is usually 

50 prepared by mixing 3 to 6% bentonite with water and allowing the mix to hydrate for 

51 24 hours. The binder, 100% Portland cement or blended with ground-granulated blast-

52 furnace slag, is then added to the bentonite slurry at a dosage of 10 to 35% by weight 

53 to produce the cement-bentonite mix (Garvin & Hayles, 1999; Opdyke & Evans, 2005; 

54 Jefferis, 1981). Preserving the integrity of cement-bentonite cut-off walls, particularly 

55 in aggressive environments, is critical for their long-term durability and serviceability. 

56 The hardened cement-bentonite mixes employed are usually highly susceptible to 

57 desiccation and wet-dry cycles, leading to cracking and even disintegration (Tedd, 

58 2005). When water is removed from the initially saturated cement-bentonite mix by 

59 evaporation, the air gradually enters the void space. Surface tension effects at the air-

60 water-solid contacts inside the matrix generate negative pressures (matrix suction), 

61 leading to cracking when the induced tensile stress is equal to or greater than the tensile 

62 strength. Such cracking is irreversible and significantly increases the permeability of 

63 cut-off walls (Tedd, 2005). In the field, the effects of drying tend to be much more rapid 

64 and much more severe than are seen in the laboratory (Jefferis, 2012). It is reported the 

65 cement-bentonite samples collected in-situ from a cut-off wall in Yorkshire, UK, 

66 collapsed with an associated loss of structure upon drying (Philip, 2001). The portion 

67 of the cut-off wall near the groundwater table was particularly susceptible to wet-dry 

68 cycles due to seasonal fluctuations of the groundwater (Joshi et al., 2010). During the 

69 construction of a cut-off wall, evaluated by Cermak et al. (2012), vertical cracks were 
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70 observed in the borehole sidewalls at the locations of field permeability tests. It was 

71 observed that all cracks were essentially vertical and the widths ranged from 

72 approximately 0.5 mm to 1.5 mm. The crack surfaces were irregular and rough, and did 

73 not exhibit signs of shear distortion. It is therefore concluded that these cracks were 

74 attributed to drying cracking.

75 It is therefore important to develop resilient cement-bentonite materials that are crack- 

76 resistant to desiccation and wet-dry cycles over the lifetime of cut-off walls. The 

77 cracking could be mitigated or even eliminated by increasing the tensile strength of the 

78 cement-bentonite material and/or decreasing the tensile stress induced by desiccation 

79 or wet-dry cycles. Soil desiccation cracking is a common natural phenomenon, which 

80 has been studied extensively over decades (Peron et al., 2009; Li et al., 2011; Tang et 

81 al., 2018). Research methods that are applied in soil desiccation cracking tests to 

82 investigate the process and mechanism of desiccation cracking usually include the crack 

83 image capture device (Liu et al., 2013), CT scan (Tang et al., 2019), electrical resistivity 

84 method (Tang et al., 2018), and fibre-based sensing technique (Dong et al., 2019; Cheng 

85 et al., 2020). Recently, factors affecting the crack initiation and propagation (e.g., the 

86 specimen initial condition, size, thickness, mineral composition, environment 

87 temperature, specimen-container contact condition, fibre reinforcement and wet-dry 

88 cycles) are well studied and understood (Wang et al., 2018; Tang et al., 2012). For 

89 example, experimental observations in a CT scan test conducted by Tang et al., (2019) 

90 showed that cracks initiate at the surface, propagate both laterally and downward into 

91 the soil body, and transit into massive networks due to coalescence and bifurcation. 

92 This integrated approach is of great significance to characterise three-dimensional soil 

93 desiccation crack patterns and brings new perspectives into the study of the hydro-

94 mechanical behaviour of clayey soils.
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95 The reinforcement of soils using randomly distributed fibres for higher tensile strength 

96 has been performed for millennia (Hejazi et al., 2012). Stresses in the soil mobilise 

97 tensile resistance in the fibres, which in turn imparts greater strength to the soil. In 

98 previous studies, it was reported that the inclusion of polymeric fibres can reduce 

99 desiccation cracks in soils (Tang et al., 2012; Tang et al., 2016; Chaduvula et al., 2017). 

100 More recently, the application of microbial induced calcite precipitation (MICP) has 

101 been used for the mitigation of desiccation cracking in clay and bentonite soils (Vail et 

102 al., 2019; Liu et al., 2020). Liu et al. (2020) reported that under the MICP process, the 

103 densely distributed CaCO3 crystal clusters on soil particle surface and inside inter-

104 particle pores contributed to the improved mechanical integrity of soil sample as well 

105 as desiccation cracking resistance in cyclic wet-dry tests. The results obtained Vail et 

106 al., (2019) also showed the potential of MICP applications in the crack remediation for 

107 bentonite soils. These studies are expected to improve the fundamental understanding 

108 of desiccation cracking mechanisms in the MICP-treated soils and provide insights into 

109 the potential application of MICP for cracking remediation in clayey soils. However, 

110 despite the great potential and environmental benefits of MICP, its application to 

111 cement-bentonite mixes can be difficult for now because the highly alkaline 

112 environment and very low permeability of the cementitious matrix hinder the migration 

113 and biological activity of bacteria. 

114 On the other hand, in cementitious materials all the water is rapidly drawn into the 

115 hydration process, and the surface tension within the capillaries causes autogenous 

116 shrinkage which can lead to cracking (Tazawa et al., 1995). This can be largely 

117 mitigated by introducing additional moisture for the enhancement of internal curing. 

118 Superabsorbent polymers (SAPs) are cross-linked polymers that can absorb and retain 

119 a large amount of water within a few minutes and swell to form a soft, insoluble gel 
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120 (Buchholz & Graham, 1998). When water molecules are drawn into the polymer 

121 network across a diffusion gradient, the polymer chains are not able to straighten, as 

122 they are cross-linked and as a result, water molecules begin to fill the empty spaces 

123 within the network, causing the particles to expand. The addition of SAPs in 

124 cementitious materials is a means of providing the extra curing water needed for cement 

125 hydration under low water-to-cement ratio conditions (Mechtcherine et al., 2014). The 

126 water released due to self-desiccation during cement hydration can be used for further 

127 hydration and reduction of the autogenous shrinkage (Snoeck et al., 2015; Kong et al., 

128 2015). Jensen and Hansen (2002) measured up to 3700 microstrains (μm/m) of 

129 shrinkage in reference cement paste in a period of 3 weeks. When SAPs were used, 

130 there was successful mitigation of shrinkage and even some expansion. Snoeck et al., 

131 (2015) reported that SAPs with a mean diameter of 257μm were able to completely 

132 mitigate autogenous shrinkage in mixtures with a water-to-binder ratio of 0.30, with or 

133 without fly ash and/or blast-furnace slag as a supplementary cementitious material. 

134 Despite the extensive investigation on the improvement of crack resistance of cement 

135 and soil separately, research on the development of crack-resistant cement-bentonite 

136 mixes has not been presented in the literature before.

137 This study investigated the addition of SAPs in cement-bentonite cut-off wall materials 

138 for the improvement of crack resistance upon desiccation and wet-dry cycles. The 

139 effects of SAPs on the properties of cement-bentonite mixes were investigated in terms 

140 of their fresh properties (cement hydration and viscosity) and hardened properties 

141 (strength and permeability). A series of wet-dry cycle tests were carried out, and the 

142 cracking processes and the permeability after wet-dry cycles were examined to assess 

143 the improved crack resistance. The microstructure and morphology of SAPs embedded 

144 in cement-bentonite mixes were studied using a scanning electron microscope equipped 
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145 with an energy dispersive X-ray spectroscopy (SEM-EDX). In addition, X-ray micro-

146 CT (micro-CT) scanning was used to investigate the distribution of SAPs and their 

147 interaction with the cementitious matrix, and the mechanisms of the improvement of 

148 crack resistance due to SAP addition were discussed.

149 Materials and methods

150 Materials and sample preparation

151 Cement-bentonite slurry was prepared using Portland cement (CEM-I 52.5 N, Hanson 

152 UK) and OCMA-grade bentonite (Macromin Kentish Minerals, UK). The chemical 

153 compositions of the cement and bentonite used are presented in Table 1. The control 

154 cement-bentonite slurry consists of 5% bentonite, 20% cement and 75% water (Jefferis, 

155 1981), and the density of the slurry was ~1.2g/cm3. 

156 SAPs, supplied by BASF Chemicals, Germany, which is an acrylamide-acrylate 

157 copolymer, with particle size ~100 µm and a density of ~0.75 g/cm3, was used in this 

158 study. The polymers have irregular particle shapes as they were produced via the bulk 

159 polymerisation technique, followed by crushing into single particles (Figure 1). The 

160 absorption capacity of the SAPs used was around 300g of deionised water/g of SAP 

161 and 20g filtered cement-bentonite slurry/g of SAP.

162 Water and bentonite were first mixed and left to hydrate for 24 hours. The cement and 

163 SAP particles were first dry mixed together for homogenous dispersion of SAPs. The 

164 cement, SAPs and hydrated bentonite slurry were then mixed together in a high-power 

165 mixer with a rotational speed of 190 rpm and motor power of 1200 watts for 10 minutes. 

166 The SAPs were added at three dosages of 0.2%, 0.6% and 1% by total weight of the 

167 cement-bentonite mixes. The cement-bentonite mixes containing SAPs were labelled 

168 by the proportion of SAPs added; e.g. SAP-0.2% refers to a cement-bentonite mix 
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169 containing 0.2% SAPs by total weight. The mixture was cast into cylindrical (50mm 

170 diameter and 100mm high) and disc (100mm diameter and 10mm high) moulds and 

171 cured in an incubator at a temperature of 20±2°C and relative humidity of 98±2% 

172 (Figure 2). 

173 Testing methods

174 When the SAPs are added into the cement-bentonite mixes. there are a variety of 

175 observations and measurements that contribute to the overall performance of the system. 

176 This includes the effects of the added SAPs on the fresh and hardened properties of the 

177 material to ensure that the SAPs do not adversely affect the workability and properties 

178 of the cement-bentonite mixes, such as viscosity, strength, and permeability. The effects 

179 of SAPs on the fresh properties of the cement-bentonite slurry were investigated by 

180 examining the hydration process and viscosity of the mixes. The effects of SAP addition 

181 on the hardened mixes were investigated by conducting strength and permeability tests. 

182 In addition, the efficacy of crack-resistance performance was assessed through image 

183 analysis of the surface cracks and the maintenance of low permeability after several 

184 wet-dry cycles.

185 A Calmetrix I-Cal 2000 HPC High Precision Isothermal Calorimeter compliant with 

186 ASTM: C1679-14 (2014) was used to measure the heat of hydration for the cement-

187 bentonite samples incorporating SAPs. Pre-conditioning of the cement, SAPs and 

188 bentonite slurry took place for 2 hours before all ingredients were mixed together for 

189 one minute. Logging of the heat of hydration and the cumulative heat production was 

190 carried out for 24 hours. A Brookfield DV3T Rheometer was used to measure the 

191 viscosity of cement-bentonite mixes. The viscosity testing method was adapted from 

192 Shahriar & Nehdi (2012). A shear stress versus shear rate relationship was obtained by 

193 subjecting the mix to shear rates varying from 46.5 to 232.5s-1 (ramp up) and back down 
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194 to 46.5s-1 (ramp down). The gradient of the shear stress versus shear rate relationship 

195 was then used to obtain the plastic viscosity.

196 The unconfined compressive strength (UCS) was determined based on ASTM: D4219-

197 08 (2008) in triplicates using a Controls Testing Uniframe 70-T0108/E loading frame. 

198 The UCS and the strain at failure of the cement-bentonite mixes were tested at 28 days. 

199 UCS testing was started by applying a constant displacement rate of 1mm/min until 

200 failure. Also, a linear variable differential transformer was used to measure the vertical 

201 displacement of the specimen in order to obtain the strain at failure. The vertical 

202 permeability was determined by a constant flow rate test using flexible wall 

203 permeameters and peristaltic flow pumps according to ASTM: D5084-16 (2016), as 

204 shown in Figure 3. The cell water pressure was raised to 100kPa and maintained 

205 throughout the test. A steady flow rate was applied at the bottom of the sample using 

206 flow pumps. A pore pressure transducer positioned at the inflow position measured the 

207 pore water pressure generated, which was recorded by a data logger. When a constant 

208 pressure had been reached the vertical permeability of the sample was determined. 

209 The wet-dry cyclic cracking test was performed after 28 days of curing. Samples were 

210 first dried in an oven at 40°C for 24 hours, and the first desiccation test was regarded 

211 as the completion of the first wet-dry cycle. The subsequent wetting was started by 

212 pouring distilled water directly into the mould. During this wetting process, sufficient 

213 water was provided to ensure full submergence for 24 hours at a room temperature of 

214 20°C, after which the specimens were placed in the oven to be dried again. This 

215 procedure was repeated and finally a total of seven wet-dry cycles was applied to disc 

216 samples. After every cycle, the disc samples were taken out of the oven for image 

217 acquisition. For each image, the number and length of cracks on the disc samples were 

218 counted and measured using image processing software. First, the original colour 
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219 digital image was converted into 16-bit grayscale using ImageJ software. Then, by 

220 applying the binarisation operation using a simple gray threshold, cracks were separated 

221 from cement-bentonite matrix, after which the length and number of the cracks were 

222 measured in the binary image.

223 The scanning electron microscope (SEM) was used to characterise the microstructural 

224 surface morphology of the specimens and energy dispersive X-ray spectroscopy (EDX) 

225 was used to study the elemental composition. SEM images were taken of the control 

226 and SAP-containing cement-bentonite samples that were cured for 28 days. Small 

227 chipped pieces were collected from the specimens that were tested to failure during 

228 UCS tests. Phenom ProX SEM was used and the specimens were examined at a 10kV 

229 accelerating voltage. Micro-CT scan tests were conducted to investigate the 

230 microstructure and crack resistance mechanisms. The advantage of CT scanning is its 

231 ability to perform 3D imaging in a non-destructive way. It returns a 3D distribution of 

232 the local linear attenuation coefficient in the form of grey values, and specialized 

233 rendering software (VGStudio MAX) allows for visual inspection of this 3D volume. 

234 A specimen, 7mm×7mm×5mm, was cut from a SAP-1% disc sample and tested by X-

235 ray micro-CT (Nikon XT H 225 ST) and its internal slice images were obtained through 

236 an image reconstruction process. A flat panel detector with 2000×2000 pixel was used 

237 and the four test parameters were set as follows: (i) X-ray energy: 70 kV and 85 mA, 

238 which are parameters determined by the sample geometry and the material composition; 

239 (ii) geometric magnification ratio: 39.5; (iii) reconstructed image matrix volume: 

240 2000×2000×1000 voxels and (iv) effective voxel size: 5µm. The density of each voxel, 

241 represented by the material local linear attenuation coefficient, was normalized to 16-

242 bit grey values. Image segmentation was then carried out to separate the digital image 

243 into multiple phases based on the difference in grey values of each phase.
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244 Results

245 Effects on heat of hydration

246 The effect of the addition of the SAPs on the cement hydration processes in the 

247 bentonite slurry was investigated. The thermal powers produced per gram of cement 

248 for the first 24 hours are presented in Figure 4. The initial temperature of the test was 

249 set at 23°C and it was noted that during the testing period of 24 hours, the highest 

250 temperature recorded was 25°C. Such a slight increase in temperature had no effect on 

251 the physical and chemical properties of the SAPs and cement-bentonite materials. 

252 Generally, the addition of SAPs led to a slightly prolonged induction period and a delay 

253 in the thermal peak in the acceleration period. With 1.0% SAP content, the time to reach 

254 the thermal peak was delayed by 13% compared to that of the control mix. This 

255 indicates that the addition of the SAPs could alter the form and distribution of water in 

256 cement-bentonite mixes. The free pore water was homogeneously distributed in the 

257 matrix and thus readily available for hydrating cement particles. In contrast, the 

258 absorbed water was initially located inside the SAPs and hence could gradually migrate 

259 to the cement surface driven by osmotic pressure and humidity gradient. With the 

260 increased dosage of SAPs, more and more water was initially absorbed by the SAPs 

261 and therefore the water available in the early stage of the hydration process was 

262 reduced. With the consumption of free pore water due to cement hydration, the 

263 absorbed water was then gradually released by the SAPs. The release of water from the 

264 SAPs is a relatively slow process and therefore the reaction between the cement and 

265 water is slower than that of the control mix. Another reason for the retardation effect 

266 was that the surface of cement particles could have been covered by the swollen SAPs, 

267 preventing the exposure of the cement to free pore water. 
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268 Effects on rheological properties

269 Studies have reported that the addition of SAPs in cementitious materials increased the 

270 viscosity and reduced the workability as a result of the decreased water-to-cement ratio 

271 (Snoeck et al., 2015). The effects of SAP addition in cement-bentonite mixes were 

272 investigated and the variation in plastic viscosity and yield stress is presented in Figure 

273 5. The plastic viscosity and yield stress showed an almost linear increase with the 

274 increasing SAPs content. The plastic viscosity of the cement-bentonite mixes 

275 containing 0.2%, 0.6% and 1.0% increased by 32%, 115% and 273%, respectively. As 

276 the flowability decreased, higher energy was needed to initiate the flow of the cement-

277 bentonite slurry, thus increasing the yield stress. In the filtered cement-bentonite 

278 solution, the absorption capacity of the SAPs was ~20g/g, so the addition of 1% SAPs 

279 decreased the water-to-cement ratio from 3.75 (control) to 2.75. As the amount of free 

280 mixing water in the fresh cement-bentonite slurry decreases, reduction in workability 

281 is anticipated. For the cement-bentonite slurry used for cut-off wall construction, it is 

282 suggested that the plastic viscosity of the fresh slurry ranges from 12 to 78 mPa·s to 

283 achieve good workability (Ryan and Day, 1986). It should be noted that all the plastic 

284 viscosity values of SAP-containing mixes in this study were less than the suggested 

285 maximum value of 78 mPa·s. This means that the addition of the SAPs at a dosage of 

286 up to 1% is suitable, in terms of workability, for the construction of slurry trench cut-

287 off walls.

288 Effects on mechanical properties

289 As shown in Figure 6, the addition of the SAPs increased the 28-day UCS of cement-

290 bentonite mixes. An increase of 3%, 10% and 23% was observed for the SAP-0.2%, 

291 SAP-0.6% and SAP-1.0% mixes. This finding appears to contradict the common 

292 observation that the addition of SAPs in cementitious materials, in similar dosages to 
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293 those reported here, leads to a reduction in compressive strength, especially at early 

294 ages (Kong et al., 2014; Farzanian et al., 2016). The effect of SAP addition on the 

295 compressive strength is influenced by two counteracting mechanisms. On the one hand, 

296 the swollen SAPs can generate macro-pores in the cementitious matrix. These pores act 

297 as stress raisers to cause a localized lower strength and formation of cracks. On the 

298 other hand, the added SAPs absorb free mixing water and decrease the actual water-to-

299 cement ratio. SAPs thus have both a positive and negative effect on the mechanical 

300 properties, which was also studied in Snoeck (2015). In previous studies, the reduction 

301 in UCS was observed in low water-to-cement ratio (0.3 to 0.5) mixes, in which the 

302 adverse effect of macro-pores generated by SAPs prevailed. However, the water-to-

303 cement ratio used in this study is much higher at 3.75 for the control mix. Thus, a 

304 possible explanation for the increase in UCS of cement-bentonite is that when the 

305 water-to-cement ratio is relatively high, the addition of SAPs has a predominant 

306 beneficial effect on mechanical properties due to the reduced free mixing water. This 

307 also agrees with the work by Farzanian et al. (2016), reporting that the reduction in 

308 UCS of cement pastes by the addition of SAPs was more noticeable at lower water-to-

309 cement ratios.

310 Another observed positive effect of SAP addition on the mechanical properties was the 

311 dramatic increase in the strain at failure. The addition of 0.2% SAPs appeared to have 

312 negligible effects on the strain at failure. In contrast, the strain at failure increased by 

313 35% and 53% for SAP-0.6% and SAP-1.0% mixes, indicating that the SAP-containing 

314 samples were able to withstand a much larger deformation before they failed. The 

315 reason is twofold. First, the swollen SAPs can absorb a significant amount of strain 

316 energy and dissipate force by deforming and releasing water in compression. During 

317 the UCS tests of SAP-0.6% and SAP-1.0% mixes, beads of water were observed to 
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318 form on the surface of the samples, while this phenomenon was not encountered with 

319 the control samples. The beads were observed to form, grow and then flow down the 

320 surface as shown in Figure 7. These beads of water are a result of the compressed SAPs 

321 releasing the absorbed water, which can dissipate a considerable amount of applied 

322 force. The SAP particles formed a polymer network within the cement-bentonite matrix 

323 as revealed later in this paper. The absorbed water in the SAPs was released as the 

324 samples experienced the compressive stress during the UCS test. The water migrated 

325 within the polymer network of SAPs and moved fast to the outer surface of the samples. 

326 The absorption kinetics of the SAP particles, which governs the movement of water 

327 molecules in the SAP network, were tested in water, NaOH solution (0.1 mol/L), and a 

328 filtrated cement pore solution. In all the solutions tested, the absorption of the SAPs 

329 increased rapidly in the first 10 minutes and then stabilised after approximately only 20 

330 minutes, indicating the fast movement of water in the SAPs. The second reason is the 

331 reinforcement provided by SAPs, which forms a polymer network within the matrix, as 

332 discussed in detail later.

333 Crack resistance

334 Digital images of the disc cement-bentonite samples were taken after each wet-dry 

335 cycle to assess the improvement of their crack resistance. In general, the cracks 

336 developed rapidly, with all the specimens except for the SAP-1.0% which exhibited at 

337 least one long straight crack in the first wet-dry cycle (Figure 8). It should be noted that, 

338 unlike soils, the cracks generated during drying in cement-bentonite mixes were not 

339 closed upon wetting. Such irreversible cracking makes the improvement in crack 

340 resistance very attractive for cement-bentonite cut-off walls because once the cracks 

341 initiate, they cannot be healed by wetting. The morphology of the crack patterns is 

342 significantly influenced by the addition of the SAPs. Figure 8 shows that the cracking 
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343 pattern of the control sample propagated in a three-pronged, T-like shape after the first 

344 cycle; however, the SAP-1.0% mix showed no evident cracks after the first cycle. After 

345 the 7th wet-dry cycle, the surfaces of control and SAP-0.2% were split into several 

346 separate irregular pieces by the formed crack segments, while only one to two cracks 

347 could be found on the SAP-0.6% and SAP-1.0% mixes. Most of the cracks stopped 

348 propagating when they were close to other existing cracks, and the predominant 

349 intersection nodes of cracks were of T-shape in the control samples and of Y-shape in 

350 the SAP-containing samples. The observation of T-shape intersections is consistent 

351 with the results reported by Tang et al., (2011a&b), where the intersection points of the 

352 cracks in clay soils are likely to form “T” and “+” shapes as the crack segments are 

353 generally perpendicular to each other and intersect at about 90°. This phenomenon can 

354 be interpreted on the basis of the crack propagation criterion described by Morris et al. 

355 (1992). Cracks tend to grow in the direction perpendicular to the local maximum tensile 

356 stress. Once the crack is initiated, the internal tensile stress perpendicular to the existing 

357 crack plane is released, and the direction of the maximum tensile stress becomes 

358 parallel to the plane of the existing cracks. As a result, the subsequent initial direction 

359 of the cracks that start at the existing cracks is perpendicular. In contrast, for the SAP-

360 containing samples, the predominant intersection nodes of crack segments change from 

361 T-shape to Y-shape. This may be attributed to the bridging and reinforcement effect of 

362 SAPs, which changes the intrinsic development and release of the tensile stress field in 

363 the specimen, and as a result, changes the crack initiation and propagation. A similar 

364 transition of crack patterns was also observed in a fibre-reinforced clay soil (Tang et al, 

365 2012).

366 The total crack lengths are shown in Figure 9 for quantitative analysis. Generally, the 

367 total length of crack decreased with the increase of the dosage of SAPs. A progressive 
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368 increase in total crack length from 132 to 260mm was observed in the control mix with 

369 the increase in the number of wet-dry cycles. This observation is consistent with crack 

370 patterns that are generally composed of the primary long main cracks and the 

371 subsequent short branch cracks. A similar final total crack length after seven cycles was 

372 obtained on SAP-0.2%, with the value rising sharply from 176 to 279mm in the fourth 

373 cycle. A marked improvement of crack resistance was noted in SAP-0.6% mix, where 

374 only one crack with a length of 87mm (around one-third of the final values of the control 

375 and SAP-0.2% mixes) appeared after the first cycle and no more cracking occurred over 

376 another six wet-dry cycles. The total crack length of SAP-1.0% mix remained the 

377 lowest before it increased abruptly to 170mm in the sixth cycle. Based on the final total 

378 crack length values after 7 wet-dry cycles, the dosage of 0.6% appeared to perform 

379 better than 1.0%, indicating the further increase in SAP dosage over 0.6% had no added 

380 benefit to crack resistance performance. This is probably because the excessively high 

381 SAP content could generate too many voids in the cement-bentonite mixes, leading to 

382 an increase in defects within the matrix and subsequent increased possibility of 

383 cracking.

384 The permeability was also measured on cylindrical samples subjected to only two wet-

385 dry cycles, since after the second cycle the control samples deteriorated and could not 

386 be tested further. Figure 10 shows that the permeability of the control mix increased 

387 significantly, up to 6 times due to wet-dry deterioration after two cycles. The 

388 permeability of the SAP-containing samples increased by 4.0, 2.4 and 2.0 times its 

389 initial value for SAP-0.2%, SAP-0.6% and SAP-1.0% mixes respectively, suggesting 

390 the improved crack resistance in terms of permeability with the increase of SAP dosage. 

391 All the SAP samples remained intact, despite peeling, spalling and hairline cracks 

392 having appeared on the surface of the samples.
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393 Cracking in cement-bentonite materials that are undergoing drying is controlled by 

394 matrix suction and by tensile strength. Surface-tension effects at the air-water-solid 

395 contacts generate negative pressures (i.e., matrix suction) below atmospheric pressure 

396 in the remaining pore water when the water content decreases (Morris et al., 1992). At 

397 a selected point, the cement-bentonite matrix tends to contract under the negative 

398 suction, and the matrix cracks when the induced suction is equal to or greater than the 

399 corresponding tensile strength. It is speculated that two positive effects of SAP addition 

400 have contributed to the improvement of crack resistance of the cement-bentonite mixes, 

401 i.e., the reinforcement effect and the suction reduction effect. First, the added SAPs 

402 swell and interlock cement-bentonite particles in the mixing process, forming an 

403 interpenetrating network of uncoiled SAP polymers, as shown in the SEM-EDX section 

404 later. This foam structure of SAPs act as reinforcement to increase the tensile strength 

405 of the cement-bentonite matrix. The bonding strength and friction between the SAPs 

406 and matrix enable the polymers to bear tensile stress that developed during drying, so 

407 the initiation of cracks can effectively be reduced. In addition to the increase of tensile 

408 strength provided by SAPs, the second factor contributing to the improved crack 

409 resistance is the suction reduction effect. Matrix suction, as defined in soil mechanics, 

410 is the attraction that the soil exerts on the water, and its magnitude is governed by the 

411 size of the voids: the larger the void, the smaller the curvature radius of the meniscus, 

412 and the lesser the attractive force (Fredlund, 2006). On the basis of the theory of 

413 unsaturated soil mechanics, the addition of SAPs might potentially reduce the matrix 

414 suction in two ways: (1) reduction of the contact between the free pore water and 

415 cement-bentonite particles and (2) increase of the pore size in the matrix. The contact 

416 between free pore water and cement-bentonite matrix is a prerequisite for the matrix 

417 suction. In SAP-containing mixes, the cement-bentonite particles are wrapped by SAPs, 
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418 which could absorb pore water and segregate the matrix from free water. The addition 

419 of SAPs could also create larger pores, which might increase the curvature radius of the 

420 meniscus and decrease the matrix suction as well. It should be noted that the matrix 

421 suction in the cement-bentonite mixed was not measured in this study, and the effects 

422 of SAP addition on the matrix suction should be verified by experiments in the future 

423 research.

424 SEM-EDX analysis

425 Representative SEM images showing the network structure of SAPs in the cement-

426 bentonite matrix are presented in Figure 11. The SAP particles can be easily identified 

427 in the SEM images. They appeared dry and shrunk in films interconnected with one 

428 another, and part of these SAP films are firmly anchored in the matrix. The change in 

429 the structure and size of pores in cement-bentonite matrix due to SAP addition can be 

430 verified in the SEM images. SAPs were identified within voids in the cement-bentonite 

431 matrix, where the air space was believed to be created in the processes of the release of 

432 absorbed water and the shrinkage of SAPs. The SAP particles were saturated during the 

433 mixing of the cement-bentonite and the volume of the SAP particles expanded. During 

434 the drying process, the water retained in the SAPs was released as water vapour and the 

435 SAP particles gradually shrunk and created macro pores around them. The polymer 

436 backbone in SAPs is hydrophilic because it contained carboxylic acid groups, which 

437 attract polar water molecules when SAPs were added into cement-bentonite mixes. As 

438 shown in Figure 11, cement hydration products either precipitated on the surface of the 

439 SAP films, or were wrapped by the foam network of the SAPs. An EDX test was 

440 conducted on Point A on the surface of SAP films to analyse the chemical element 

441 composition. An evident trace of nitrogen confirmed that the SAPs were comprised of 

442 acrylamide and acrylate, and calcium and silicon detected on the SAP film indicated 
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443 good bonding between the cementitious particles and the hydrophilic polymers. This 

444 excellent adhesion laid the foundation for high bonding strength and friction between 

445 the SAPs and the cement-bentonite, providing reinforcement in the matrix and 

446 increasing the tensile strength. When the water content decreased in cement-bentonite, 

447 the matrix suction caused tensile stress and consequently mobilised tensile resistance 

448 in the polymer films, which in turn imparted greater strength to the cement-bentonite 

449 matrix. These randomly distributed SAP films acted as a three-dimensional network to 

450 interlock and link the cement-bentonite particles, and this deformable and soft network 

451 was able to slightly rearrange the cement-bentonite particles upon drying to eliminate 

452 stress concentration. A similar reinforcement effect was reported in fibre-reinforced 

453 soils (Tang et al., 2012). 

454 As established earlier, another contributing factor to the improvement of crack 

455 resistance was the reduction in tensile stress (matrix suction) due to the addition of the 

456 SAPs. In comparison with the widespread small capillary pores in the control specimen 

457 as shown in Figure 12a, the pores in the SAP-1.0% specimens were generally larger 

458 macro-pores generated by the shrinkage of the SAPs upon drying (Figure 12b). The 

459 enlargement of the pore size effectively increased the curved water-vapour interfaces 

460 (menisci radii of curvature) and therefore could potentially decrease the capillary 

461 suction. In addition, the microstructure of the cement-bentonite matrix adjacent to SAP 

462 films was obviously improved as a result of the reduced amount of free pore water 

463 compared to the relatively loose cementitious matrix observed in the control specimen. 

464 In the SAP-1.0% specimen, the morphology of CSH gel was more condensed and a 

465 lower amount of portlandite and ettringite was produced, indicating a lower amount of 

466 free water present during hydration and curing processes. From these observations, it 

467 became apparent that the SAPs played an important role in the densification of the 
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468 hydration products and modification of their morphology by reducing the contact 

469 between cement-bentonite particles and free pore water. The insulation of cement-

470 bentonite particles from free pore water impeded the formation of air-liquid-solid 

471 interfaces reducing the surface tension. The combination of enlargement of pore size 

472 and impediment of the formation of the air-liquid-solid interface significantly 

473 contributed to the reduction of the matrix suction and tensile stress in the SAP-

474 containing cement-bentonite mixes.

475 Micro-CT scan analysis

476 High-resolution X-ray micro-computed tomography was conducted on a dried          

477 SAP-1.0% specimen to investigate the 3D morphology of the SAP network and the 

478 interaction between cement-bentonite and SAP films. The reconstructed CT images are 

479 the spatial distribution of the linear attenuation coefficients, which is expressed by grey 

480 scale values, with brighter regions (higher values of the grey level) corresponding to 

481 materials with a higher number of atoms and density. The dried SAP-1.0% specimen 

482 contained three phases: (1) an air phase of macro pores generated by the shrinkage of 

483 SAPs; (2) a light solid phase of shrunk SAP network; (3) a dense solid phase of cement-

484 bentonite matrix. For the convenience of analysis, a region of interest, 

485 3.3mm×2.3mm×2.2mm, was extracted and the representative 3D and 2D images are 

486 shown in Figure 13. Three phases can be obviously separated based on their different 

487 grey values: dense cement-bentonite particles appear in white and light grey, shrunk 

488 SAP films with a density of ~0.75 g/cm3 appear in dark grey and air space with the 

489 lowest density appears in black. 

490 Surface determination based on example areas was applied to calculate the threshold 

491 grey level values for different materials: a grey value of 7.5 separates the pores from 

492 the solid phase and a value of 54.5 further divides the solid phase into SAP films and 

Page 20 of 48

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



Draft

21

493 cement-bentonite particles. Based on these threshold values, pores, SAPs and cement-

494 bentonite phases were coloured black, blue and brown respectively for the convenience 

495 of visual inspection (Figure 14). Large quantities of macro pores, which used to be 

496 filled with free pore water and swollen SAPs, can be clearly identified in the cross-

497 section of the specimen. With the process of cement hydration, the absorbed water 

498 within the SAPs was gradually released to the surrounding matrix for further hydration 

499 reactions, and therefore these shrunken SAP particles created the macro pores in the 

500 matrix. These well distributed macro pores can contribute to the reduction of capillary 

501 suction in the drying process, decreasing the possibility of cracking of cement-

502 bentonite. The brown cement-bentonite particles were normally found to be wrapped 

503 in blue SAP films, and the layer of SAPs act as a barrier between cement-bentonite and 

504 free pore water. As a result, the formation of the interface between free water and solid 

505 particles was obstructed and the surface tension was decreased. Transforming free pore 

506 water to absorbed water by SAPs plays a key role in reducing the matrix suction and 

507 improving crack resistance of cement-bentonite during drying. Reinforcement provided 

508 by SAP films can also be identified in the CT images. These films are interlocked and 

509 anchored in cement-bentonite matrix, and the bridging effect can effectively increase 

510 the tensile strength. 

511 The foam structure of SAPs was extracted from the matrix to examine the distribution 

512 and morphology of the network (Figure 15). Dry SAP particles were added to cement-

513 bentonite, and after mixing with water SAPs can form an interconnected network 

514 throughout the matrix, making the SAP-containing cement-bentonite mix a continuous 

515 medium rather than a dispersed one. This means the distribution of water content in the 

516 matrix is more homogeneous and the shrinkage due to the difference in water content 

517 could be potentially mitigated. Another benefit of the interconnection between SAP 

Page 21 of 48

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



Draft

22

518 films is that they can be firmly anchored in the matrix as a whole and therefore the 

519 reinforcement effect of SAPs was more uniform to further prevent the cracking caused 

520 by the uneven tensile reinforcement. Because of the interaction with hydrating 

521 cementitious particles, the voids in the foam network of SAPs are highly disordered in 

522 terms of both size and shape. However, the high flexibility of the disordered network 

523 of SAPs increases its spatial compatibility with the volumetric variation of cement 

524 hydration products. The SAP network has the ability to adjust water migration and 

525 uniformise water content in the whole matrix, which can reduce the differential drying 

526 and tensile stress.

527 Conclusions

528 This study developed crack-resistant cement-bentonite cut-off wall material 

529 incorporating a superabsorbent polymer (SAPs) subject to desiccation and wet-dry 

530 cycles. The main conclusions were:

531 1. The addition of SAPs in cement-bentonite had a slight retardation effect on the 

532 cement hydration process due to the fact that the release of absorbed water from SAPs 

533 is a relatively slow process. 

534 2. The added SAPs absorbed mixing water and decreased the actual water-to-

535 cement ratio of the cement-bentonite, thereby increasing its compressive strength. The 

536 strain at failure also increased due to the energy dissipative and reinforcement effects 

537 provided by SAPs.

538 3. Crack resistance was greatly improved by SAPs under wet-dry cycles. On the 

539 one hand, the reinforcement of SAPs increased the tensile strength; on the other hand, 

540 the matrix suction could be reduced as a result of the reduction of the contact between 
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541 the free pore water and cement-bentonite particles and the increase of the pore size in 

542 the matrix. 

543 4. The morphology and microstructure of SAP films and their interaction with 

544 cement-bentonite matrix were revealed with SEM-EDX, confirming the reinforcement 

545 effect of SAPs. In addition, micro-CT scan analysis was used to reveal the 

546 interconnected foam network formed by SAP films in the matrix.

547 Data Availability Statement

548 Some or all data, models, or code that support the findings of this study are available 

549 from the corresponding author upon reasonable request.
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676 Figure Captions

677 Figure 1. Images of the SAPs used in this study (a) observed under an optical 

678 microscope and (b) an SEM image with EDX analysis of the chemical composition.

679 Figure 2. Cylindrical and disc cement-bentonite samples prepared as placed in an 

680 incubator.

681 Figure 3. The flexible wall permeameters used for permeability tests

682 Figure 4. The effect of SAP addition on the isothermal power of the cement-bentonite 

683 mixes.

684 Figure 5. The effect of SAP addition on the plastic viscosity and yield stress of the 

685 cement-bentonite mixes.

686 Figure 6. The effect of SAP addition on the UCS and strain at failure of the cement-

687 bentonite mixes.

688 Figure 7. A SAP-containing cement-bentonite specimen being tested for UCS with 

689 highlighted beads of water.

690 Figure 8. Typical images of cracking patterns on disc cement-bentonite samples after 

691 the first and seventh wet-dry cycle.

692 Figure 9. Total crack length on the disc cement-bentonite samples after different wet-

693 dry cycles.

694 Figure 10. The permeability of cement-bentonite samples after the first and second wet-

695 dry cycle

696 Figure 11. Typical SEM-EDX results of (a) SEM image of interlocked cement-

697 bentonite particles in SAP films and (b) EDX analysis of Point A on the SAP films.
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698 Figure 12. Comparison between the microstructure and hydration products of (a) the 

699 control specimen and (b) the SAP-1% specimen

700 Figure 13. The reconstructed (a) 3D and (b) 2D image of the SAP-1% specimen.

701 Figure 14. Images of the SAP-1% specimen (the pores (black), the cement-bentonite 

702 matrix (brown) matrix and the SAPs (blue): (a) a 3D image; (b) a 2D image slice

703 Figure 15. CT scan 3D image reconstruction of the extracted SAP network
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Table 1. Chemical compositions of the Portland cement and bentonite used, as 

provided by the supplier.

Table 1. Chemical compositions of the Portland cement and bentonite used, as 

provided by the supplier.

Portland cement Bentonite

SiO2 (%) 19.5 54.2

Al2O3 (%) 4.9 18.8

CaO (%) 63.6 4.9

Fe2O3 (%) 3.1 5.0

MgO (%) 0.9 3.7

SO3 (%) 3.3 --

Na2O (%) -- 3.0

K2O (%) -- 0.6
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Figure 1. Images of the SAPs used in this study (a) observed under an optical 

microscope and (b) an SEM image with EDX analysis of the chemical composition.
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Figure 2. Cylindrical and disc cement-bentonite samples prepared as placed in an 

incubator.
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Figure 3. The flexible wall permeameters used for permeability tests
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Figure 5. The effect of SAP addition on the plastic viscosity and yield stress of the 

cement-bentonite mixes.
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Figure 6. The effect of SAP addition on the UCS and strain at failure of the cement-

bentonite mixes.
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Figure 7. A SAP-containing cement-bentonite specimen being tested for UCS with 

highlighted beads of water.
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Figure 8. Typical images of cracking patterns on disc cement-bentonite samples after 

the first and seventh wet-dry cycle.
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Figure 9. Total crack length on the disc cement-bentonite samples after different wet-

dry cycles.
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Figure 10. The permeability of cement-bentonite samples after the first and second 

wet-dry cycle
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Figure 11. Typical SEM-EDX results of (a) SEM image of interlocked cement-

bentonite particles in SAP films and (b) EDX analysis of Point A on the SAP films.
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Figure 12. Comparison between the microstructure and hydration products of (a) the 

control specimen and (b) the SAP-1% specimen
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Figure 13. The reconstructed (a) 3D and (b) 2D image of the SAP-1% specimen.
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Figure 14. Images of the SAP-1% specimen (the pores (black), the cement-bentonite 

matrix (brown) matrix and the SAPs (blue): (a) a 3D image; (b) a 2D image slice
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Figure 15. CT scan 3D image reconstruction of the extracted SAP network
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