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Abstract 43 

A large amount of bentonite slurry is dumped as construction waste in fill banks 44 

around the world. In order to reuse them, it is important to determine the mechanical 45 
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and hydraulic parameters of bentonite-soil mixtures containing different 46 

montmorillonite contents. The establishment of these parameters with index 47 

properties is an efficient and simple way. Despite the proposal of some correlations to 48 

estimate the compression and swelling indices for kaolinite or illite-dominated soils 49 

(KIDSs) with relatively low liquid limits, they are unsuitable for bentonite-soil 50 

mixtures dominated by montmorillonite. Besides, no correlation was given for 51 

predicting the parameters in the non-linear creep function as well. In this study, the 52 

results of the index, oedometer and scanning electron microscope (SEM) tests on five 53 

mixtures with different montmorillonite contents from 5% to 35% were presented. 54 

Compression and swelling indices creep coefficient as well as the non-linear creep 55 

parameters and hydraulic conductivity of bentonite-soil mixtures were obtained. 56 

Several correlations were put forward to estimate the mechanical parameters with 57 

Atterberg limit indices. The proposed correlations were further verified using the data 58 

collected from literature, which can well estimate the mechanical parameters of soils 59 

with a liquid limit of above 50%. In addition, a simplified model with a 60 

homogenization approach was developed to estimate hydraulic conductivity, which is 61 

easier to be adopted in practical engineering.  62 

Keywords: Bentonite Slurry; Montmorillonite Content; Correlation; 63 

Homogenization; Mixture 64 

  65 



Introduction 1 

Bentonite is commonly used in civil engineering, including the construction of 2 

diaphragm walls, the operation of tunnel boring machines, etc. However, the used 3 

bentonite slurry is a kind of construction waste that might pollute water and soil. It is 4 

challenging to dispose of massive bentonite slurry all over the world. When economic, 5 

environmental and sustainable development factors are taken into account, the used 6 

bentonite slurry shall be dewatered before being moved and disposed of as fill 7 

material at a permanent disposal site or consolidated in situ with additional fills to 8 

provide land for other developments. If bentonite slurry is used as fill material to 9 

support any structure, its hydraulic conductivity (k), compressibility, long-term 10 

behavior and corresponding mechanical parameters such as creep coefficient (Cαe) 11 

and compression (Cc) and swelling indices (Cs) are important in the design of 12 

geotechnical applications. These parameters must be determined in advance. 13 

Nevertheless, bentonite slurry generally contains different montmorillonite contents 14 

ranging from 4% to 40% due to the different dosages of bentonite in different projects 15 

(Amarasinghe et al., 2012). Oedometer tests require high-quality undisturbed soil 16 

specimens which are quite expensive and time-consuming, especially with the 17 

incorporation of the creep stage (Yin, 1999b). In terms of time and cost, it is 18 

infeasible to conduct oedometer tests on all undisturbed soil specimens with different 19 

clay contents (Zhang et al., 2021). Establishing correlations with index properties 20 

could provide the preliminarily estimated values of soil parameters for practical 21 

engineering design. 22 

 23 

To overcome the above-mentioned inconvenience, some attempts have been made to 24 

establish correlations between mechanical parameters and index properties (e.g., 25 



liquid limit, plasticity index or void ratio at the liquid limit) for soils since it is much 26 

easier to obtain the indices of soils in the laboratory. Proposed by Skempton (1944), 27 

the first correlation with the liquid limit (wL) for predicting compression index is one 28 

of the most widely used correlations at present. In the following decades, extensive 29 

attempts have been made to correlate compression index with a variety of physical 30 

parameters, including liquid limit (Terzaghi & Peck, 1948; Cozzolino, 1961; Yin, 31 

1999b), plasticity index, IP (Wroth & Wood, 1978; Nakase et al., 1988; Tiwari & 32 

Ajmera, 2012) and void ratio at liquid limit eL (Nagaraj & Murthy, 1983; Burland, 33 

1990). Nonetheless, no correlation can perfectly predict the compression index with 34 

different property indices for all kinds of soil owing to the variation in the type and 35 

localization of different soils (Verbrugge & Schroeder, 2018). 36 

 37 

Bentonite also exhibits obvious swelling behavior because of particle surface 38 

hydration and exchangeable cations as well as osmosis with electrical double-layer 39 

repulsion (Oscarson et al., 1990; Sridharan, 1999; Yilmaz & Marschalko, 2014; Yin et 40 

al., 2021). Therefore, the swelling index is also rather necessary in the geotechnical 41 

design for bentonite-soil mixtures since the swelling behavior of mixtures may lead to 42 

unexpected differential settlement. Previous research has correlated the swelling index 43 

with different index properties (Nakase et al., 1988; Yin, 1999b; Tiwari & Ajmera, 44 

2011). Some researchers tried to make use of artificial neural networks to predict the 45 

swelling index (Kordnaeij et al., 2015; Kurnaz et al., 2016), whereas no previous 46 

research focused on bentonite mixtures with strong swelling properties. Thus, the 47 

establishment of the swelling index with liquid limit, plasticity index or other 48 

geotechnical properties for bentonite mixtures is needed.  49 

 50 

Some attempts have been made for estimating hydraulic conductivity (Pandian et al., 51 



1995; Sivapullaiah et al., 2000; Chapuis, 2012; Deng et al., 2017). A majority of 52 

equations are on the basis of the relationship between hydraulic conductivity and the 53 

eL/e0 value. Shi and Yin (2018) put forward a theoretical model based on the 54 

homogenization approach to predict the hydraulic conductivity of marine clay-sand 55 

mixtures with different sand contents. The theoretical model can still be greatly 56 

simplified despite being able to well predict the hydraulic conductivity of binary 57 

mixtures.  58 

 59 

In general, clayey soils demonstrate creep behavior under laboratory and in situ 60 

conditions during both primary and secondary consolidation (Yin & Graham, 1989; 61 

Feng et al., 2017) owing to viscosity significantly affecting the long-term settlement 62 

of reclamation lands or other soft soil foundations. The creep coefficient must be 63 

determined beforehand in the long-term settlement calculation for both engineering 64 

practice and constitutive modeling incorporating viscous characteristics. As stated 65 

before, however, it takes more time to measure the creep coefficient in oedometer 66 

tests. Several correlations have been proposed for the preliminary estimation of the 67 

creep coefficient (Nakase et al., 1988; Yin, 1999b; Zeng et al., 2012; Yin et al., 2014; 68 

Zhu et al., 2016). Yin (1999a) pointed out that the use of the logarithmic function 69 

overestimates creep settlement due to the non-linearity of soil creep behavior, and 70 

thus proposed a function to fit the nonlinear creep behavior of soils. Correlating these 71 

nonlinear parameters with easily obtained geotechnical indexes could be meaningful 72 

for the application in practical engineering in that solving the nonlinear creep function 73 

is somewhat complicated for practical use.  74 

 75 

The correlations proposed in the literature are summarized in Table 1, which can only 76 



be capable of predicting one or more specific kinds of soil. Most of them mainly focus 77 

on kaolinite or illite-dominated soils (KIDSs), thereby indicating their inability to 78 

predict the parameters of soils with high liquid limits or plasticity index, particularly 79 

montmorillonite-dominated soils (MDSs). It can be also found that no relevant 80 

correlation remains available in the literature for estimating nonlinear creep 81 

parameters. Meanwhile, it is also necessary to achieve the estimation of hydraulic 82 

conductivity easily. Hence, new correlations for estimating mechanical parameters 83 

and a model with a homogenization approach should be proposed to better understand 84 

the relationships between the mechanical parameters and Atterberg limit indices of 85 

montmorillonite-soil mixtures.  86 

 87 

Table 1 Correlations of Cc, Cs and Cαe available in the literature 88 

Correlation Applicability Reference 

0.007( 10)c LC w= −  Remoulded clays Skempton (1944) 

0.009( 10)c LC w= −  Normally consolidated clays Terzaghi and Peck 
(1967) 

0.0046( 9)c LC w= −  Brazilian clays Cozzolino (1961) 

0.0102 0.131c LC w= −  Hong Kong Marine Deposit 
(HKMD) Yin (1999) 

0.0012c LC w=  Remoulded clays with 
activity >1 

Tiwari and Ajmera 
(2012) 

0.0104 0.046c pC I= +  Kawasaki clay and natural 
marine clay Nakase et al. (1988) 

0.0138 0.00732c pC I= +  HKMD Yin (1999) 

00.75( 0.5)cC e= −  Soils with low plasticity Sowers (1970) 

0.2237c LC e=  Remoulded normally 
consolidated clay  

Nagaraj and Murthy 
(1983) 

00.208 0.0083cC e= +  Chicago clays Bowles (1989) 

0.3921c LC e=  Remoulded clays with 
activity >1 

Tiwari and Ajmera 
(2012) 

0.0007 0.0062s LC w= +  Fine grained soils Sinan (2009) 
6 27 10 ( ) 0.0014s L LC w w−= × × −  Remoulded montmorillonite 

-sand mixtures 
Tiwari and Ajmera 
(2011) 



0.00194 0.00892s pC I= −  Kawasaki and natural marine 
clays Nakase et al. (1988) 

0.00219 0.0104s pC I= −  HKMD Yin (1999) 
6 26 10 ( ) 0.0026s p pC I I−= × × −  Remoulded montmorillonite 

-sand mixtures 
Tiwari and Ajmera 
(2011) 

00.015 0.007)sC e= +(  Clays with wL>100% Azzouz et al. (1976) 
2

0 00.0087( ) 0.031sC e e= +  Remoulded montmorillonite 
-sand mixtures 

Tiwari and Ajmera 
(2011) 

0.00033 0.00168e pC Iα = +  Kawasaki and natural marine 
clays Nakase et al. (1988) 

0.000369 0.00055e pC Iα = −  HKMD Yin (1999) 
 89 

In the present study, a series of index and oedometer tests were performed on 90 

bentonite-soil mixtures. Based on the model established by Shi and Yin (2018), a 91 

simplified method with a homogenization approach was proposed for the estimation 92 

of hydraulic conductivity. Scanning electron microscope (SEM) analysis interpreted 93 

compressibility and homogenization from the micro perspective. Correlations for 94 

predicting the mechanical parameters of soils were derived from the results of 95 

oedometer tests. The correlations proposed in this paper were further verified with the 96 

data collected from the literature.  97 

 98 

Materials and experiment procedures 99 

In this study, a range of multi-stage loading (MSL) oedometer tests was conducted on 100 

the bentonite-soil mixtures which were made by mixing two materials. The first one is 101 

bentonite slurry originally collected from a disposal site in Hong Kong. Soils from 11 102 

locations of different depths were mixed with an excavator in the field to obtain a 103 

more uniform sample. Comprising fine sand, silt and clay particles, this bentonite 104 

slurry is slightly dark grey. The other is a commercially available pure bentonite 105 

named Bentonil® GCT 4 and obtained from the company Clariant. As sodium 106 

bentonite in dark yellow, Bentonil® GCT 4 is extensively used in different civil 107 



engineering projects in Hong Kong. Quantitative X-ray diffraction (QXRD) tests were 108 

carried out on the two samples, to determine the mineralogical composition of the two 109 

materials and further mix them to specific montmorillonite content. The mineralogical 110 

composition of the two materials is shown in Table 2.  111 

 112 

Table 2 Mineralogical composition of the two materials                                   (Unit: 113 
wt%) 114 

Sample Montmorillonite Quartz Feldspar Others 

Bentonite slurry 4 49 11 36 

Bentonil® GCT 4 84 4 5 7 

BS-5%* 5 48 11 36 

BS-15%* 15 43 10 32 

BS-20%* 20 40 10 30 

BS-25%* 25 37 10 28 

BS-35%* 35 31 9 25 
*The mineralogical composition of mixtures was calculated according to the XRD 115 

results of bentonite slurry and Bentonil® GCT 4  116 

 117 

 Five bentonite-soil mixtures with different montmorillonite contents were prepared in 118 

light of the QXRD results and named BS-5%, -15%, -20%, -25% and -35%, 119 

respectively. All specimens were physically characterized to determine their particle 120 

size distribution, liquid and plastic limits, plasticity index and initial void ratio in 121 

accordance with British Standard 1377 (2016) in the laboratory. The particle size 122 

distribution curves and basic properties of all five mixtures are illustrated in Fig. 1 123 

and Table 3, respectively.  124 

  125 



Table 3 Basic properties of bentonite-soil mixtures 126 

 BS-
5% 

BS-
15% 

BS-
20% 

BS-
25% 

BS-
35% 

Bentonil® 
GCT 4 

Liquid limit, wL (%) 56 86 114 135 181 390 

Plastic limit, wP (%) 21 27 31 34 37 63 
Plasticity index, IP 
(%) 35  59  83  101  144  327 

 127 

Prior to oedometer tests, the bentonite-soil mixtures with a water content of 1.4 times 128 

their liquid limit were poured into a cylindrical steel mould for self-weight 129 

consolidation. Then, a vertical pressure from 5 to 40 kPa was gradually applied to the 130 

slurry for one-dimensional pre-consolidation to obtain consistent soil specimens. 131 

Upon the completion of the pre-consolidation process under the maximum pressure of 132 

40 kPa, five saturated bentonite mixture specimens with a diameter of 70 mm and a 133 

thickness of 19 mm were taken from the mould by the use of confining rings for all 134 

oedometer tests. Silicon grease was smeared on the inner wall of each confining ring 135 

in order to minimize the friction between the ring and the soil specimen. Additionally, 136 

filter papers were positioned on both the top and bottom surfaces of each specimen to 137 

prevent soil particles from entering porous stones.  138 

 139 



 140 

Fig. 1 Particle size distribution curves of bentonite-soil mixtures with different 141 

montmorillonite contents 142 

 143 

MSL oedometer tests were carried out with Casagrande-type oedometers on the five 144 

bentonite-soil mixture specimens. The minimal consolidation stress of 5 kPa was 145 

applied instantly to reach equilibrium, followed by the consolidation of specimens 146 

with the subsequent instant loadings of 10, 20, 50, 100, 200 and 400 kPa. To get the 147 

swelling index Cs, the stress gradually decreased from 400 to 50 kPa and then 148 

reloaded to the final stress level of 800 kPa in the same incremental steps. Stages 149 

before 50 kPa and unloading-reloading stages lasted for 1,440 min. The rest of the 150 

stages were maintained for five days to ensure that all specimens had sufficient time 151 

to exhibit long-term creep behavior. MSL oedometer tests were also conducted on 152 

pure bentonite, namely Bentonil® GCT 4, to obtain its hydraulic conductivity for 153 

building a model with a homogenization approach. After oedometer tests, artificial 154 

bentonite-soil mixtures were dried by vacuum under -82 ℃ for 24h with a freeze 155 

dryer used for keeping the original microstructure. After that, the dry specimens were 156 

cut into cubes with sides of 6 mm for SEM observation.  157 



 158 

Results and discussion 159 

The results of oedometer tests conducted on bentonite-soil mixture specimens with 160 

different montmorillonite contents were presented and discussed. Particular emphasis 161 

was placed on the following aspects: (a) correlations of soil parameters (Cc, Cs and 162 

Cαe) with Atterberg limit indices, (b) relationships between parameters (ψ' 
0 and εl 

c) in 163 

the nonlinear function proposed by Yin (1999a) and basic indices, (c) a simplified 164 

model with a homogenization approach and (d) microfabric analysis.  165 

 166 

Correlations of Atterberg limit indices 167 

Liquid limit and plasticity index were determined in accordance with British Standard 168 

1377 (2016) and summarized (see Table 3). Regarding the five artificial mixture 169 

specimens utilized in this study, their activity values defined as the ratio of plasticity 170 

index to clay content were found to be all greater than 1. Moreover, correlating the 171 

montmorillonite content and basic property indices of bentonite-soil mixtures could 172 

be extremely meaningful for practical engineering. As a result, Fig. 2 displays the 173 

three straight lines best fitting the montmorillonite content and the results of liquid 174 

and plastic limits as well as the plasticity index for all specimens as follows: 175 

 4.259( 6.865)Lw MC= +  (1) 176 

 0.59( 33.57)pw MC= +  (2) 177 

 3.699( 2.82)pI MC= +  (3) 178 

where MC denotes the montmorillonite content in percentage. As demonstrated in Fig. 179 

2, the coefficients of determination (R2) for the fitting lines of wL, wp and IP are 0.986, 180 

0.926 and 0.978, respectively. This means that strong correlations existed between 181 

montmorillonite content and liquid and plastic limits as well as the plasticity index. 182 



 183 

  184 

Fig. 2 Relationships of montmorillonite content with liquid and plastic limits as well 185 

as plasticity index 186 

 187 

In the meantime, plasticity was utilized in this study. A- and U-line are plotted in Fig. 188 

3. It was observed that all the plasticity points of montmorillonite-soil mixtures fall 189 

above the A-line and the liquid limit of all specimens are beyond 50%. This indicates 190 

that the tested samples are high plastic fine sandy and silty clays. A regression 191 

equation between IP and wL for montmorillonite-soil mixtures was determined from 192 

linear fitting, as shown in Eq. (4).  193 

 0.87( 17.6)p LI w= −  (4) 194 

 195 

The R2 value of correlation is 0.997. The following correlations adopted Eq. (4) to 196 

describe the relationship between IP and wL for montmorillonite-soil mixtures. 197 

 198 



 199 

Fig. 3 Plasticity of bentonite-soil mixtures 200 

 201 

Correlations of compression index  202 

Skempton (1944) was among the first ones to correlate Cc with liquid limit, whose 203 

correlation is widely used. Subsequently, most of the correlations for predicting Cc by 204 

use of the Atterberg limit, initial void ratio, and the void ratio at liquid limit have been 205 

presented by some researchers. However, these correlations are usually limited to a 206 

specific type of soil. Concerning bentonite-soil mixtures, the correlations between Cc 207 

and the various indices of five specimens were presented in the following sections.  208 

 209 

Liquid limit 210 

Plenty of correlations between Cc and wL were proposed in the past decades 211 

(Skempton, 1944; Terzaghi & Peck, 1948; Nakase et al., 1988; Yin, 1999b; Tiwari & 212 

Ajmera, 2012). Among them, a linear correlation between the compression index and 213 

liquid limit for HKMD was presented by Yin (1999b). However, a large portion of 214 



clay minerals in HKMD are kaolinite and illite (Tovey, 1986) whose properties are 215 

greatly different from those of montmorillonite.  216 

 217 

The curves of void ratio versus the logarithm of vertical effective stress (e-log(σv) 218 

curves) are depicted in Fig. 4, from which the compression index was determined for 219 

all five specimens. To better estimate the Cc values of bentonite-soil mixtures, the 220 

variation of compression index with liquid limit and a best-fitting line for mixtures are 221 

plotted in Fig. 5(a). A correlation between Cc and wL was displayed in Eq. (5), with an 222 

R2 value of 0.994.  223 

 0.0141 0.516c LC w= −  (5) 224 

 225 

Several regression lines from the literature are also presented in Fig. 5(a). It can be 226 

observed that experimental data were not in good agreement with these regression 227 

lines. Compared with the line proposed by Tiwari and Ajmera (2012) and produced 228 

based on the oedometer results of montmorillonite-sand mixtures, Tiwari’s line was 229 

found to lie above the fitting line obtained from this study. This observation implies 230 

that the compression index is not only related to the indexes of soil but also affected 231 

by its grain composition. The current correlations for predicting soil parameters are 232 

not universal. On this account, it is suggested that future research focus on 233 

investigating composition effects on the relationship between soil parameters and 234 

index properties.  235 

  236 



 237 

Fig. 4 Variations of void ratio versus the logarithm of vertical stress for five 238 

specimens 239 

 240 

Plasticity index 241 

The plasticity index is one of the most crucial indices in geotechnical engineering. 242 

Nakase et al. (1988) and Tiwari and Ajmera (2012) presented some linear predictive 243 

correlations of Cc with plasticity index, as shown in Fig. 5(b). The change of 244 

compression index with IP is also displayed in Fig. 5(b). Thereafter, a new correlation 245 

equation expressed in Eq. (6) was obtained with a value of R2 of 0.996 by linear 246 

fitting in the Ip-Cc plane.  247 

 0.0163 0.270c pC I= −  (6) 248 

 249 

It can be noticed that the line proposed by Nakase et al. (1988) is quite diverse from 250 

the experimental data of bentonite-soil mixtures. This is because his correlation was 251 

produced by the data of marine clay-sand mixtures whose dominated mineral is 252 



kaolinite and plasticity index ranged between 10% and 50%.  253 

 254 

 255 

 256 

Fig. 5 Variations of compression index with (a) liquid limit and (b) plasticity index  257 

 258 

Correlations of swelling index  259 

It appears that the empirical equations for predicting the swelling coefficient are quite 260 



limited compared with the number of predictive correlations of compression index 261 

presented in the literature. However, some correlations were previously presented in 262 

the literature for predicting swelling index, including Nakase et al. (1988), Yin 263 

(1999b), and Tiwari and Ajmera (2011). As indicated by Alonso et al. (1999), the 264 

swelling behavior of expansive soils is of significance to geotechnical engineering. As 265 

known to all, bentonite is a typical highly expansive soil. Thus, the swelling index 266 

was determined for five specimens from e-logσ’ curves, as shown in Fig. 4. The 267 

results of correlation for predicting the swelling index with liquid limit or plasticity 268 

index were illustrated in the following sections.  269 

 270 

Liquid limit 271 

The change of swelling index with liquid limit is depicted in Fig. 6(a). A 272 

corresponding regression equation with an R2 value of 0.988 was obtained from the 273 

data of bentonite-soil mixtures tested in this study, as expressed in Eq. (7).   274 

 0.0021 0.075s LC w= −  (7) 275 

 276 

Two correlations of the swelling index and liquid limit available in the literature (Yin, 277 

1999b; Tiwari & Ajmera, 2011) are also plotted in Fig. 6(a) for comparison. The 278 

correlation between Cs and the liquid limit is well linear, differing from the quadratic 279 

correlations deduced by Tiwari and Ajmera (2011) based on the results of different 280 

clay dominant soils. It was discovered that the linear correlation proposed by Yin 281 

(1999b) could capture the part of the trend of Cs for the tested mixtures with a liquid 282 

limit of lower than 80%. Nevertheless, the swelling index estimated using Tiwari's 283 

quadratic equation was greatly distinct from the experimental finding with a 284 

significantly greater value. Therefore, Eq. (7) was recommended for predicting the 285 



swelling index of bentonite-soil mixtures if liquid limit was known.  286 

 287 

 288 

 289 

Fig. 6 Changes in swelling index with (a) liquid limit and (b) plasticity index 290 

 291 

Plasticity index 292 

Correlations of the swelling index with the plasticity index have been presented by 293 



some scholars (Nakase et al., 1988; Yin, 1999b; Kordnaeij et al., 2015). A regression 294 

line plotted by using the data of Cs and IP is shown in Fig. 6(b). With a coefficient of 295 

determination of 0.985, the corresponding correlation was expressed in Eq. (8).  296 

 0.0024 0.038s pC I= −  (8) 297 

 298 

Meanwhile, two regression lines from previous research are plotted in Fig. 6(b) as 299 

well for comparison with the fitting line generated from the experimental data in the 300 

present investigation. It can be noticed that the three lines are close, and Yin’s line is 301 

quite similar to that proposed in this study.  302 

 303 

Correlations of creep parameters 304 

The time-dependent stress-strain behavior during the loading stage, i.e., creep, was 305 

tested in this study. Creep coefficient Cαe is a most critical parameter in the design of 306 

geotechnical projects, visco-plastic elastic constitutive modeling and long-term 307 

settlement calculation (Yin & Graham, 1989; Zhu & Yin, 2000; Yin & Feng, 2017; 308 

Yin et al., 2022). Correlating Cαe with index properties will contribute to its more 309 

convenient use.  310 

 311 

Cαe values were determined from curves in terms of void ratio versus the logarithm of 312 

time for each loading stage with a duration of five days for all tested specimens 313 

except the one with a montmorillonite content of 5% because of its low viscosity and 314 

less significant time-dependent behavior. The average value of Cαe for each specimen 315 

was calculated and utilized to establish relationships with Atterberg limit indices. 316 

Besides, two nonlinear parameters in the nonlinear creep function proposed by Yin 317 

(1999a) and used by numerous researchers (Mesri & Vardhanabhuti, 2005; Shen & 318 



Xu, 2011; Le et al., 2017) were also computed for the soil specimens under a constant 319 

loading of 100 kPa and correlated with liquid limit and plasticity index.  320 

 321 

Liquid limit 322 

A correlation was presented by Zhu et al. (2016) in terms of creep coefficient and the 323 

combination of liquid limit and water content, which however was somewhat 324 

complicated. The variation of creep coefficient with wL is shown in Fig. 7. The 325 

regression polynomial equation presented in Eq. (9) was obtained from the curve, 326 

with an R2 value of 0.997, indicating a good fit.  327 

 5 2 61.67 10 ( 5.29 10 0 0017e L LC w wα
− −= × − ×） - .  (9) 328 

 329 

Apart from that, a correlation between the creep coefficient and plasticity index 330 

proposed by Yin (1999b) is also shown in Fig. 7 for comparison. It was found that the 331 

equation proposed by Yin (1999b) for HKMD with different clay contents could not 332 

predict the Cae value of bentonite-soil mixtures used in this study well. Moreover, the 333 

predicted values are much greater than the values measured from oedometer tests. 334 

One reason is that kaolinite and illite are the dominated clay minerals of HKMD, 335 

while montmorillonite is the main composition of the mixture in this study. 336 

Montmorillonite is the most viscous of the three main clay minerals. The different 337 

properties of the three clay minerals, especially viscosity property, give rise to 338 

significant distinctions in the liquid limit, plasticity index and the Cae values between 339 

bentonite-soil mixtures and HKMD. Another reason is that the matrix soil of the 340 

mixture used in this study is bentonite, a construction waste which may contain a 341 

mass of sand, drilling slag, residue from poured concrete, curing agents, etc. The 342 

increase of granular materials resulted in the obviously increased permeability of the 343 



soil mixture. Furthermore, the viscosity of the clay mixture decreased with the 344 

increasing percentage of granular materials.  345 

 346 

Plasticity index 347 

A quadratic curve is also plotted in Fig. 7 to fit the creep coefficient with the plasticity 348 

index, and the corresponding correlation was given by Eq. (10). It was found that the 349 

value of the determination coefficient is 0.998 and the creep coefficient can be 350 

captured by the proposed correlation well.  351 

 6 2 41.48 10 ( 1.41 10 0 0076e P PC I Iα
− −= × + ×） - .  (10) 352 

 353 

It can be observed from Fig. 7 that the trend of the two regression curves plotted by 354 

liquid limit and plasticity index are identical.  355 

 356 

 357 



Fig. 7 Variations of creep coefficient with liquid limit or plasticity index  358 

 359 

Correlations of parameters in the nonlinear creep function 360 

The great bulk of conventional equations for the analysis of time-dependent behavior 361 

were based on the linear correlations between creep strain and the logarithm of time. 362 

Nevertheless, one limitation of the linear creep function is that strain will be infinite 363 

when time is equal to infiniteness, which is not in line with the scientific foundation. 364 

Hence, a non-linear creep function was put forward by Yin (1999a) to incorporate the 365 

influence of the decreasing creep parameter with time, which was expressed as 366 

follows:  367 
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where ψ0 is a material parameter; εl 
c is creep strain limit when time is infinite; t0 is the 369 

time parameter to express the beginning of creep behavior; te is the equivalent time 370 

related to creep. Notably, the time parameter t0 was considered a constant material 371 

parameter.  372 

 373 

The values of the nonlinear creep parameter and limit strain for all the specimens with 374 

different montmorillonite contents under the stress of 100 kPa were calculated by 375 

curve fitting with Eq. (11). Fig. 8 displays the typical fitting curve with the nonlinear 376 

creep function plotted by the experimental data of BS-25%. It can be observed that a 377 

linear equation of the form y=ax+b was determined with an R2 value of 0.9986, 378 

indicating good curve fitting. According to Eq. (11), the slope of the fitting curve 379 



corresponded to 1
l
cε

 and the intercept corresponded to 
0

V
ψ

. The values of εl 
c  and ψ0 380 

were thus obtained.  381 

 382 

 383 
Fig. 8 Typical fitting curve with the nonlinear creep function for BS-25% under 100 384 

kPa 385 

 386 

Figs. 9(a) and (b) show the relations between the two parameters of the nonlinear 387 

creep function and Atterberg limit indices. Further, corresponding correlations were 388 

produced and given in Eqs. (12) to (15).  389 

 6 2 42.59 10 ( ) 3.46 10 0.0212l
c L Lw wε − −= × − × +  (12) 390 

 5 2
0 2.53 10 ( ) 00432 0.196L Lw wψ −= × − +  (13) 391 

 6 2 42.76 10 ( ) 1.72 10 0.011l
c p pI Iε − −= × − × +  (14) 392 

 5 2
0 2.86 10 ( ) 0.00307 0.093p pI Iψ −= × − +  (15) 393 

 394 

It can be discovered that their determination coefficients are quite close, which are all 395 



around 0.99. The predicted values can be employed in both engineering practice and 396 

numerical modeling, but the related index properties of soils should be in the tested 397 

range. Any extension beyond this range should be checked.  398 

 399 

 400 

 401 



Fig. 9 Relationships between nonlinear parameters and (a) liquid limit and (b) 402 

plasticity index 403 

 404 

Verification of the proposed correlations using the data from published literature 405 

Based on the oedometer test results of bentonite-soil mixtures, several correlations 406 

were proposed to estimate soil parameters, including compression and swelling 407 

indices, creep coefficient, nonlinear creep parameter as well as limit strain. Although 408 

the correlations were derived from a specific soil type, some of them were also 409 

adopted to estimate the parameters of different types of soil, whose data were 410 

collected from previous literature. Since liquid limit and plasticity index are more 411 

common in geotechnical engineering, verification studies with published data focused 412 

on the correlations with wL and Ip.  413 

 414 

Prediction of compression index 415 

Data pertinent to the liquid limit and plasticity index of 30 different soils collected 416 

from previous literature (Yin, 1999b; Sridharan & Nagaraj, 2000; Cerato & 417 

Lutenegger, 2004; Tong & Yin, 2011; Tiwari & Ajmera, 2012; Feng et al., 2017) 418 

were utilized to calculate the compression index with Eqs. (5) and (6). Soil specimens 419 

were divided into two groups according to mineral components. The first one is 420 

KIDSs, and the other one is MDSs. The scatter plots of the predicted Cc value for soil 421 

specimens in previous literature using the newly proposed correlations are presented 422 

in Figs. 10(a) and (b). The range interval of ±10% of the measured Cc value was also 423 

determined by two plotted lines in the two figures. It can be observed from both 424 

figures that the proposed correlations can predict the Cc value with an acceptable 425 

accuracy of roughly 90% using the liquid limit and plasticity index for MDSs. 426 



Nevertheless, the predicted results with the correlation using Ip were more accurate 427 

than those using wL. However, it seems that neither Ip nor the wL correlation can 428 

accurately estimate the Cc value for KIDSs. This phenomenon can be attributed to two 429 

aspects. On the one hand, the index values of KIDSs are generally smaller than the 430 

index range of the soils used in this study. On the other hand, differences in the 431 

properties of montmorillonite and kaolin exert a significant impact on the behavior of 432 

soils. By and large, it can be considered that the proposed correlations are suitable for 433 

estimating the Cc value only for soils with a liquid limit of 40-200% or a plasticity 434 

index of 40-160%.  435 

 436 

At the same time, the predicted results using the correlations proposed by Skempton 437 

(1944) and Yin (1999b), and the corresponding mean absolute error (MAE) values of 438 

prediction with different correlations are demonstrated in Figs. 10(a) and (b) for 439 

comparison, respectively. It can be seen that the prediction result of Skempton’s 440 

equation is much smaller than the actual value when the soil has a Cc value greater 441 

than 0.5. In other words, Skempton’s equation is not suitable for estimating the 442 

compression index of MDSs. The accuracy of the prediction results obtained using 443 

Yin’s equation with Ip is within an acceptable range. For both KIDSs and MDSs, the 444 

correlations proposed in this study yielded the lowest MAE values compared with the 445 

previous equation in the literature. In addition, the correlation of Cc with IP 446 

outperformed that with wL as its prediction result has a lower MAE value.  447 

  448 

Prediction of swelling index 449 

The liquid limit and plasticity index (Yin, 1999b; Tiwari & Marui, 2005; Tong & Yin, 450 

2011; Kordnaeij et al., 2015) of various soils available in the literature were collected 451 



to estimate the swelling index using Eqs. (7) and (8). The relationship between the 452 

measured and predicted Cs using liquid limit is plotted in Fig. 11(a), and that using 453 

plasticity index is plotted in Figs. 11(b). It can be found that the predicted results of Cs 454 

with wL and Ip could match the measured Cs values well for almost the selected soil 455 

specimens from the literature. MAE values can be compared to find that the estimated 456 

Cs values using wL and Ip are quite close, but the correlation with liquid limit 457 

exhibited a relatively high level of agreement with the measured Cs values than that 458 

using plasticity index. Hence, it was recommended to adopt Eq. (7) to estimate the 459 

swelling index of soils.  460 

 461 

Prediction of creep coefficient 462 

Detailed information regarding liquid limit, plasticity index, creep coefficient and 463 

nonlinear creep behavior was gathered from literature, including Yin (1999a), Yin 464 

(1999b), Tong and Yin (2011), Zeng et al. (2012), Zhu et al. (2016), and Feng et al. 465 

(2017). These data were applied to estimate creep coefficient and nonlinear creep 466 

behavior with equations using liquid limit or plasticity index. The estimated results of 467 

Cαe are plotted against the measured ones in Figs. 12(a) and (b). It can be seen that 468 

using liquid limit to predict creep coefficient yielded a lower MAE value than using 469 

plasticity index. Correlations with wL and Ip could provide an accuracy of 90% for 470 

some types of soil, which however could estimate the Cαe value with an accuracy of 471 

only 50% for other types of soil. The possible reason why the correlation cannot 472 

predict the Cαe value well is that creep behavior is complicated and associated with a 473 

few factors such as micro-pores, particle sliding and internal structure arrangement. 474 

As a result, it was suggested that the newly proposed correlations only estimate the 475 



creep coefficient of bentonite-soil mixtures or soils with a similar composition of the 476 

mixtures used in this study.  477 

 478 

 479 

 480 



Fig. 10 Measured Cc against the predicted Cc using (a) Eq (5) and (b) Eq (6) with the 481 

published data  482 

  483 

 484 

 485 



Fig. 11 Measured Cs against the predicted Cs using (a) liquid limit and (b) plasticity 486 

index with the published data 487 

 488 

 489 

 490 



Fig. 12 Measured Cαe versus the predicted Cαe using (a) liquid limit and (b) plasticity 491 

index with the published data  492 

  493 



The simplified model with a homogenization approach for hydraulic conductivity 494 

Hydraulic conductivity is an all-important property of clayey soils. Previous works on 495 

the hydraulic conductivity of sand-clay mixtures have been investigated, and some 496 

different methods of predicting hydraulic conductivity have been brought up (Pandian 497 

et al., 1995; Sivapullaiah et al., 2000; Ozhan, 2021). Most of these methods 498 

empirically correlated hydraulic conductivity with a liquid limit or corresponding void 499 

ratios. Shi and Yin (2018) summarized the influence of sand fraction on the hydraulic 500 

conductivity of sand-clay mixtures from previous literature. Additionally, a 501 

theoretical model with a homogenization approach was presented to estimate the 502 

hydraulic conductivity of sand-marine clay mixtures. Shi and Zhao (2020) held that 503 

mixtures with high fine fractions can be simplified as binary mixtures. Thus, 504 

bentonite-soil mixtures used in this study and containing bentonite matrix and 505 

incompressible sand inclusions can be regarded as binary mixtures. On this account, 506 

the model with a homogenization approach proposed by Shi and Yin (2018) can be 507 

used for predicting the evolution of hydraulic conductivity for bentonite-soil mixtures 508 

in oedometer conditions. This model can be simplified to only three model parameters 509 

to make it easier for practical use.  510 

 511 

State-dependent variables  512 

Local and overall state-dependent variables were defined and obtained from a series 513 

of oedometer tests based on the assumption that sand inclusions are incompressible 514 

and impermeable because of being stiffer than the clay matrix and unable to hold 515 

water. The absorbed water was associated with the bentonite matrix. The bentonite-516 

soil mixture is composed of three phases: sand inclusion, fluid and bentonite clay 517 

matrix phases. Based on the assumption made above, the volume fraction of the sand 518 



inclusion sφ  can be expressed as  519 

 
1 )

s b
s

s b f b

V e e
V V V e e

φ −
= =

+ + +（
 (16) 520 

where Vs, Vb and Vf denote the volume of sand inclusion, bentonite clay matrix and 521 

fluid phases, respectively; e = Vf/(Vb+ Vs), representing the overall void ratio of the 522 

mixture; eb = Vf/Vb, referring to the local void ratio of the bentonite matrix.  523 

 524 

Considering the incompressibility of the sand phase and the association between all 525 

moisture and the bentonite matrix, the local void ratio can be expressed as follows: 526 

 (1 )
(1 )

s b
b

s

e eυ ρ υρ
υ ρ

− +
=

−
 (17) 527 

where υ represents the dry mass fraction of sand inclusion in the binary mixture; ρs, 528 

and ρb are the particle density of the sand inclusion and pure bentonite, respectively.  529 

 530 

The overall void ratio e was given as a function of overall strain as follows: 531 

 exp( ) 1e V ε= − −  (18) 532 

where V is the overall specific volume and ε = ln(h0/h) is logarithmic strain.  533 

 534 

Previous research has shown that a nonuniform stress distribution exists in the binary 535 

mixture owing to the significantly different stiffnesses of constituents (Jamei et al., 536 

2013; Zhuang et al., 2017; Shi et al., 2020). Therefore, σ’ and σ’ 
b  were utilized to 537 

express the overall effective stress of the bentonite-soil mixture and the local effective 538 

stress of bentonite clay.  539 

 540 

Simplified homogenization approach 541 

The values of hydraulic conductivity k of all bentonite-soil mixtures were determined 542 



for a variety of incremental overall effective stresses (50-800 kPa) from the results of 543 

oedometer tests following BS1377 (2016). The evolution of the overall hydraulic 544 

conductivity with the increase of the overall effective stress on a double logarithmic 545 

scale is illustrated in Fig. 13(a). One can observe that the overall hydraulic 546 

conductivity decreased with the increase of both vertical stress and bentonite content. 547 

This is because that bentonite has strong hydrophility in the matrix, thus resulting in a 548 

decrease in permeability (Pandian et al., 1995). According to the equations given 549 

above, state-dependent variables were calculated, and the correlation between the 550 

local void ratio and overall hydraulic conductivity on a double-logarithmic scale is 551 

demonstrated in Fig. 13(b). It is noteworthy that the relationship is nearly linear in the 552 

double-logarithmic space, which well agrees with the findings (Zeng et al., 2012; Shi 553 

& Yin, 2018) A linear equation was obtained from curve fitting and can be expressed 554 

in the following form:  555 

 ln( ) lnb R bk K eξ= +  (19) 556 

where kb is the hydraulic conductivity of the pure bentonite; ξ is the slope of the linear 557 

line; KR is a corresponding model parameter when eb is equal to 1. 558 

 559 



 560 

 561 

Fig. 13 Evolution of hydraulic conductivity with (a) the overall effective stress and 562 

(b) the local void ratio of the bentonite matrix 563 

 564 

Eq. (17) can be substituted into Eq. (19) to express the local hydraulic conductivity as 565 

a function of the overall void ratio:  566 



 (1 )ln( ) ln[ ] ln
(1 )

s b
b R

s

k K eυ ρ υρξ ξ
υ ρ

− +
= + +

−
 (20) 567 

 568 

The model with a homogenization approach proposed by Shi and Yin (2018) was 569 

adopted to estimate the evolution of the hydraulic conductivity of bentonite-soil 570 

mixtures. In the model, the sand inclusion phase was assumed to be incompressible, 571 

and parallel structure and series configurations affected the overall behavior of the 572 

binary mixture equivalently. Following the model steps, the overall hydraulic 573 

conductivity k was given as a function of kb as follows:  574 

 ln( ) (1 ) ln( )s bk kη φ= −  (21) 575 

where η is a structure variable, representing the intergranular structure evolution of 576 

sand inclusions. The structure variable was expressed as:  577 

 ( )
s

βαη
α φ

=
−

 (22) 578 

where α represents the upper bound of the volume fraction of sand particles and β 579 

stands for a constant model parameter controlling the sensitivity of the variable. 580 

Details can be referred to Shi and Yin (2018).  581 

 582 

The model with a homogenization approach for estimating the overall hydraulic 583 

conductivity was set up. Four parameters were included in this model, and the model 584 

parameters of the bentonite-soil mixture are listed in Table 4. The comparison 585 

between the experimental and predicted results using Eq (21) is displayed in Fig. 14. 586 

It can be seen that the reproduced hydraulic conductivity of the bentonite-soil mixture 587 

using the model matched with experimental data well.  588 

 589 

Table 4 Model parameters for estimating hydraulic conductivity      590 



Clay matrix KR ξ α β Reference 

Bentonite -22.53 4.25 0.71 0.73 This study 

HKMC -18.25 4.35 0.74 0.79 Shi and Yin (2018) 

Bentonite  -26.62 6.73 0.77 0.73 Pandian et al. (1995) 

Nagoya clay -18.39 3.65 0.50 0.33 Watabe et al. (2011) 
70% Bentonite+ 
30% Kaolinite  -25.31 4.17 0.70 0.68 Deng et al. (2017) 

Bentonite  -24.17 3.57 0.80 0.62 Sivapullaiah et al. 
(2000) 

 591 

 592 

Fig. 14 Comparison between the experimental and predicted results  593 

 594 

In the modeling process, however, it was found that the value of (1 )sη φ−  ranged from 595 

0.99 to 1.01. The change of values of (1 )sη φ−  with sφ  for five types of clay-sand 596 

mixtures from previous literature (Pandian et al., 1995; Sivapullaiah et al., 2000; 597 

Watabe et al., 2011; Deng et al., 2017; Shi & Yin, 2018) was investigated to simplify 598 

this homogenization model. The variations of the volume fraction of sand inclusions 599 



with the void ratio for the mixture with different sand contents are shown in Fig. 15(a). 600 

To consider the limit state, the value of sφ  was selected in the range of 0.01 to 0.5. 601 

The model parameters α and β of clay-sand mixtures in the literature were kept 602 

consistent with Shi and Yin (2018), which are listed in Table 4. The change of the 603 

calculated value of (1 )sη φ−  with the volume of the sand fraction is presented in Fig. 604 

15(b). It can be observed that the value of (1 )sη φ−  ranged from 0.95 to 1.10 and most 605 

of the points were located in the range of 0.98 to 1.025.  606 

 607 



608 

 609 

Fig. 15 (a) Variation of volume fraction of sand with the overall void ratio; (b) change 610 

in the (1 )sη φ− value with the volume fraction of sand inclusions for soils  611 

 612 

Consequently, the product of the structure variable η and the (1 )sφ−  value had little 613 



effect on the overall hydraulic conductivity of most clay-sand mixtures. The 614 

theoretical model with a homogenization framework can be simplified to a new form 615 

expressed as follows: 616 

 
(1 )ln( ) ln[ ] ln

(1 )
s b

R
s

k K eυ ρ υργ ξ ξ
υ ρ

 − +
= + + − 

 (23) 617 

where γ is a model parameter to correlate the local and overall hydraulic conductivity.  618 

 619 

For most clay-sand mixtures, the value of γ was recommended to take 1. The model 620 

can be further simplified into the form of Eq. (24). 621 

 (1 )ln( ) ln[ ] ln
(1 )

s b
R

s

k K eυ ρ υρξ ξ
υ ρ

− +
= + +

−
 (24) 622 

 623 

The simplified model was adopted to estimate hydraulic conductivity, and the results 624 

were compared with reference ones, as demonstrated in Fig. 16. It can be seen that the 625 

calculated results between reference and simplified models are quite close. The 626 

simplified homogenization model only has three parameters very easy to be 627 

determined from the oedometer tests on pure clay, which thus may be more easily 628 

accepted by practical engineering applications. It is worth noting that the (1 )sη φ−  629 

value is around 1.1 when the dry mass fraction of sand inclusion is above 90% and the 630 

overall void ratio is below 0.5 (see Fig. 15(a)). Hence, the simplified model should be 631 

used with caution, and the value of γ can be taken within the range of 1.05 to 1.1 in 632 

this extreme case.  633 

 634 



 635 

Fig. 16 Comparison between simulation results with simplified and reference models 636 

 637 

Microstructure analysis 638 

After oedometer tests, bentonite-soil mixtures were dried by vacuum and cut into 639 

cubes for SEM observation. SEM photos with 1,000 × magnification for five 640 

specimens are obtained and presented in Figs. 17(a) ~ (e), respectively. Fig. 17(a) 641 

shows that silt particles are dominant in the microfabric, and sand particles are 642 

independent of each other to form a skeletal structure. However, the number of 643 

independent sand particles decreased on account of their closer contact with the 644 

bentonite matrix. The honeycomb microstructure of the continuous bentonite clay 645 

matrix was gradually developed with the increase of bentonite content (Fig. 17e). The 646 

comparison of SEM photos revealed that the diameter of visible pores decreased with 647 

the increase of bentonite content. The finding indicates that the large inter pores 648 

between sand grains were probably filled up by the bentonite clay matrix and 649 

converted to small-sized pores between clay matrix or aggregation and sand particles. 650 



This variation of the microstructure of specimens reflected the increasing 651 

compressibility with the increase of montmorillonite content. The diameter of pores 652 

ranged from 1 to 5 μm in the BS-35% specimen and 5 to 20 μm in the BS-5% one. 653 

This result is consistent with the findings of Watabe et al. (2011) and the 654 

compressibility behavior in this study.  655 

 656 

The more visible microfabric of BS-5% and -35% specimens magnified at 5,000 657 

times are displayed in Figs. 18(a) and (b). The bonds between clay are dominated by 658 

the formation of edge-to-face and -edge in the microfabric of BS-35% (Fig. 18b), 659 

whereas the interaction of BS-5% specimens mainly features face-to-face formation. 660 

As presented in Fig. 18(a), it appears that the clay particle or matrix tended to form 661 

aggregation or accumulate at the contact points of adjacent sand particles or on the 662 

surface of independent sand particles. The densification of the clay contributed to the 663 

formation of clay bridges. Similarly, Gratchev et al. (2007) found a similar bridge-like 664 

structure in a bentonite-sand mixture, but the clay bridge seemed to disappear and the 665 

microfabric became more homogeneous in the BS-35% specimen compared with that 666 

in Fig. 18(a). With the homogenization approach, the clay bridge can clarify the 667 

different mechanisms of binary sand-clay mixtures, where stress distribution is non-668 

uniform since the clay bridge could bear more stress. With the increase in sand 669 

fraction, the number of clay bridges increased, hence increasing the heterogeneity of 670 

binary mixtures (Fei, 2016; Shi et al., 2018). In short, the clay bridge is important in 671 

the homogenization approach since it may significantly affect the strain and stress 672 

distribution in soils. 673 

 674 



 675 

     (a)                                                             (b) 676 

 677 

    (c)                                                              (d) 678 

 679 

(e) 680 

Fig. 17 SEM photos with 1,000 × magnification for bentonite-soil mixtures: 681 

(a) BS-5%, (b) BS-15%, (c) BS-20%, (d) BS-25% and (e) BS-35% 682 
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 684 

(a) 685 

 686 

(b) 687 

Fig. 18 SEM photos of (a) BS-5% and (b) BS-35% with 5,000× magnification 688 

 689 

Conclusions 690 

In this paper, the results of mineralogic composition, index properties and the 691 

consolidation behavior from the oedometer tests of reconstituted bentonite-soil 692 

Clay bridge 

Sand 



mixture specimens with different montmorillonite contents were presented, analyzed 693 

and discussed. Several correlations were proposed to estimate the values of Cc, Cs, Cαe, 694 

ε l 
c  and ψ0 with easily accessible index properties. A simplified model with a 695 

homogenization approach was put forward to predict the hydraulic conductivity at 696 

different vertical stresses. Some of the newly proposed correlations were verified by 697 

the use of the data collected from previous literature. The main conclusions drawn 698 

from this comprehensive experimental study are as follows:  699 

(1) Mechanical parameters, including Cc, Cs and Cαe, are closely related to the 700 

montmorillonite content and Atterberg limit indices of the tested specimens. 701 

These proposed correlations are capable of estimating the values of mechanical 702 

parameters for the majority of montmorillonite-dominated soils in literature with 703 

reasonable accuracy. 704 

(2) Parameters in the nonlinear creep function, including εl 
c, and ψ0, experienced a 705 

significant increase with montmorillonite content. The two nonlinear parameters 706 

are also correlated with wL and Ip with R2 values larger than 0.9.  707 

(3) A simplified model with a homogenization approach, which only has three model 708 

parameters, was developed for easier use. Hydraulic conductivity can be well 709 

estimated using the newly proposed model.  710 

(4) A bridge-like structure which was called a clay bridge seemed to exist in 711 

bentonite-soil mixtures to bond sand particles. The number of clay bridges 712 

increased with the decrease of bentonite content.  713 

(5) The newly proposed correlations were only recommended to estimate parameters 714 

of MDSs with Atterberg limit indices in the tested range. Any extension beyond 715 

this range must be checked and verified.  716 

 717 
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