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Abstract 23 

A series of oedometer tests was performed on the binary sand-bentonite mixtures, 24 

considering both the effect of sand mass fraction and the initial water content of the bentonite 25 

matrix. The experimental data reveals that the influence of initial water content of the bentonite 26 

matrix on the overall creep behavior of the mixture is negligible. However, the reference time 27 

line (corresponding to 24h of consolidation) is significantly affected by both the initial water 28 

content and the sand mass fraction. The local creep parameter of the bentonite matrix is 29 

approximately close to that of the pure bentonite for a mixture with a sand mass fraction of 50%. 30 

However, it decreases with the further increase of sand mass fraction due to increasing 31 

inhomogeneity of the binary mixtures and a formation of clay-bridges between adjacent sand 32 

inclusions. An equivalent local creep parameter is defined, and a new structure variable is 33 

introduced, which can be approximated by the structure variable responsible for the inter-34 

granular structure evolution. Finally, a creep model was formulated using mixture theory. The 35 

proposed model has five parameters, one structure parameter incorporating the inter-granular 36 

structure effect, and the others depend on the intrinsic behavior of the pure bentonite. Only two 37 

conventional oedometer tests need to be done for calibrating the parameters. The model 38 

prediction is then compared with experimental data, revealing a satisfactory performance of the 39 

proposed model.  40 

 41 

 42 

Keywords: Sand-bentonite mixtures; Compressibility; Creep; Homogenization; Inter-granular 43 

structure 44 



3 

 

Introduction 45 

Sand-bentonite mixtures are commonly adopted as a barrier material (Graham et al., 1992; 46 

Peters and Berney, 2010; Tong and Yin, 2011; Wang et al., 2013). As a binary mixture, (with 47 

coarse sand particles being the inclusions and fine bentonite being the clay matrix), it inherits 48 

the property of the bentonite clay matrix, e.g., high swelling potential, low hydraulic 49 

conductivity and radionuclide retardation capacity (Sivapullaiah et al., 2000; Vilarrasa et al., 50 

2005; Pal and Ghosh, 2005; Thyagaraj et al., 2016; Deng et al., 2017). The behavior of 51 

bentonite depends on its two levels of pore system: intra-aggregate pores inside and between 52 

the clay particles in clay aggregates, and inter-aggregate pores between the clay aggregates 53 

(Delage et al., 2006; Nowamooz, 2014). 54 

The compressibility of sand-bentonite mixtures can be divided into two parts, one is coupled 55 

with the pore water dissipation (primary consolidation), and the other one is creep deformation 56 

after the end of primary consolidation. It is widely accepted that a primary consolidation is due 57 

to the decrease of inter-aggregate space, and a significant creep deformation is induced by the 58 

progressive closure of intra-aggregate pores in the bentonite clay matrix (De Jong and Verruijt, 59 

1965; Navarro and Alonso, 2001; Le, et al., 2012; Fatahi et al., 2013; Choo and Borja, 2015; 60 

Sánchez et al., 2016; Choo et al., 2016). Analyzing the time-depend compressibility of the sand-61 

bentonite mixtures is important for preventing the migration of contaminants from waste 62 

disposal vault. 63 

The deformation behavior of gap-graded binary mixtures was documented by many 64 

researchers (E.g., Yin 1999a; Reil et al., 2002; Monkul and Ozden, 2007; Watabe et al., 2011; 65 

Polidori 2007 and 2015; Fatahi, and Khabbaz, 2013; Elkady et al., 2015; Chu et al., 2017; Sun 66 

et al., 2017). Most of the previous work is based on the laboratory element tests and the 67 

corresponding analysis is empirical or semi-empirical (e.g., Yin 1999a; Polidori 2015; Sun et 68 

al., 2017). It revealed that there was a ‘transition clay content’, beyond which the overall 69 
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compressibility was controlled by the sand skeleton (Monkul and Ozden, 2007, Sun et al., 2017). 70 

The intergranular structure evolution was incorporated into a compression model (Shi and Yin, 71 

2017) using homogenization approach.  72 

The time dependent compression behavior of sand-bentonite mixtures is investigated in this 73 

paper, both experimentally and theoretically. Since the initial water content affects the 74 

compressibility of clays (Hong et al., 2010; Shi and Herle, 2015; Cerato and Lutenegger., 2015; 75 

Zeng et al., 2015 and 2016; Zhou et al., 2016; Horpibulsuk et al., 2016; Bian et al., 2016; Bian 76 

et al., 2017; Shi and Yin, 2017), both the influence of sand fraction and the initial water content 77 

of the bentonite matrix is incorporated in the subsequent analysis. 78 

 79 

Definition of state dependent variables 80 

Sand-bentonite mixtures consist of sand particles and the bentonite clay matrix within the 81 

inter-granular space. If it is assumed that the sand inclusions do not have any water holding 82 

capacity (Mitchell, 1993), the binary mixture is composed of silts, clay particles, fluids and 83 

sand particles. The silts and clay particles are the solid phases (the volume is denoted as Vsb) in 84 

the bentonite matrix, and the overall compressibility is induced by the dissipation of fluid phase 85 

(denoted as Vfb in representative elementary volume). The volume of sand inclusions is 86 

represented as Vss, thus the corresponding volume fraction ϕs is given as  87 

ss
s

fb sb ss

V

V V V
 

 
                                                                      (1) 88 

Since the sand inclusions are assumed to be incompressible, the volume fraction of sand 89 

inclusions increases with the decrease of the volume of clay matrix. Therefore, ϕs is a state 90 

dependent variable, which can be expressed as a function of the overall and local void ratios: 91 

(1 )

fb fb sb ss sb b
s

sb sb ss fb sb ss fb b

V V V V V e e

V V V V V V V e e


    
          

                         (2) 92 
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With /b fb sbe V V  denoting the local void ratio of the bentonite clay matrix, and 93 

/ ( )fb sb sse V V V   denoting the overall void ratio of the sand-bentonite mixture, respectively.  94 

The stress (strain) distribution is nonuniform due to the difference in stiffness between the 95 

sand inclusions and soft bentonite matrix. (Weng and Tandon, 1988; Shi and Herle, 2017; Shi 96 

and Yin, 2017; Shi et al., 2017). To this end, the stress and strain variables are defined as volume 97 

average values. Within mixture theory, the overall stress σ′ (or strain ε ) can be expressed in 98 

terms of the local values:  99 

(1 )s b s s         ;    (1 )s b                                      (3) 100 

where bσ′ (or sσ′) and bε  are the volume average stress and strain in the bentonite matrix (or 101 

sand inclusions), respectively. Note that the overall strain of mixtures depends on the local 102 

strain of the clay matrix due to the incompressible sand inclusions.  103 

The void ratios in Eq. (2) can be easily computed based on the initial overall (local) void 104 

ratio and the current overall (local) strain of the mixture. The above state variables can be well 105 

defined using a limited number of inclusions within representative volume element (RVE) 106 

concept (González et al., 2004; Shi and Herle, 2017; Shi and Yin, 2017) on this type of binary 107 

mixtures.  108 

 109 

Time dependent deformation of sand-bentonite mixtures 110 

Materials and test program 111 

The materials used for the binary mixtures are a silica sand material (coarse inclusions) and 112 

a bentonite (clay matrix). Most of the sand particles have a sub-angular shape with a particle 113 

size ranging from 1.0 mm to 2.0 mm. The maximum and minimum void ratios of the sand 114 

material are 0.89 and 0.55, respectively. The above two limit void ratios are important for 115 



6 

 

evaluating the evolution of the sand skeleton during the compression of sand-bentonite mixtures. 116 

The bentonite has a liquid limit of 524% and a plastic limit of 64%. The above basic physical 117 

properties are measured according to BS1377 (British Standards Institution, 1991). 118 

As stated above, the initial water content affects the compressibility of clays during primary 119 

consolidation. However, the effect of initial water content on the creep behavior was rarely 120 

reported. To investigate this effect, water was added to the dry bentonite to get two different 121 

initial water contents of the bentonite slurry, a higher value of 885% (1.69 wL) and a lower one 122 

of 744% (1.42 wL). After that, silica sand particles and bentonite slurry were mixed 123 

homogeneously with various sand mass fractions   (υ is defined as the ratio of the dry mass of 124 

sand inclusions to the overall dry mass of the sand-bentonite mixture. Four different mass 125 

fractions for the slurry with a higher initial water content, 0%, 50%, 65%, and 75%; three 126 

different mass fractions for the one with a lower initial water content, 0%, 65%, and 75%). 127 

Then, the samples were kept in an airtight container for 48 hours to make them fully saturated. 128 

Since the initial water content is relatively high, the sand mass fraction adopted in this paper is 129 

higher than those in previous literature (E.g., Yin, 1999a; Monkul and Ozden, 2007; Zhou and 130 

Xu, 2015; Chu et al., 2017; Shi and Yin, 2017). In this case, the volume of the bentonite matrix 131 

is high enough to fill the inter-granular space.  132 

The sample has a height of 19 mm and a diameter of 50 mm. A small initial stress of ca. 1.7 133 

kPa was applied to the sample, which prevents soil squeezing from the gap between the loading 134 

cap and the consolidation ring. Subsequent consolidation stresses were 2.5, 5.0, 10, 25, 50, 100, 135 

200, 400 (800) kPa. The time duration at stress levels beyond 10 kPa is more than 5000 mins. 136 

To investigate the long-term creep behavior of the sand-bentonite mixtures, the samples were 137 

loaded for 11295 mins at a stress level of 100 kPa.  138 

Time dependent compression behavior 139 

In the sequel, the logarithmic strain is adopted for the creep analysis due to high 140 



7 

 

compressibility of the samples (ε=ln(h0/h), with h0 and h representing the initial and current 141 

heights of mixture samples, respectively). The time dependent overall strain of the sand-142 

bentonite mixtures at various stress levels is shown in Fig. 1. The overall compression can be 143 

divided into the primary consolidation and creep deformation. The end of primary consolidation 144 

(EOP) point can be determined using Casagrande method. It reveals that the time duration 145 

responsible for the primary consolidation is less than 1 day (1440 mins) at stress levels beyond 146 

10 kPa.  147 

A reference time line should be determined for subsequent creep analysis. It corresponds to 148 

either the end of primary consolidation or 24 hours in the laboratory testing (Yin, 2015; Yin 149 

and Feng, 2016). Since the end of ‘primary consolidation’ is less than 24 hours, the latter one 150 

(24 hours) is adopted for the reference time line. The reference time line for sand-bentonite 151 

mixtures with different initial water contents and different sand fractions are shown in Fig. 2 152 

(in terms of the overall strain and the overall effective stress). The overall compressibility 153 

decreases with increasing sand fraction due to the incompressible sand inclusions. Additionally, 154 

the reference time line is not unique, which varies with the initial water content of the bentonite 155 

matrix.  156 

The current overall void ratio of the samples is computed from its initial value and the 157 

corresponding logarithmic strain:  158 

0(1 )exp( ) 1e e                                                         (4) 159 

The results of oedometer tests in terms of overall effective stress and overall specific volume 160 

( ev  1 ) are shown in Fig. 3 (semi-logarithmic scale). It is seen that the compression data 161 

with various initial water contents and various sand fractions can be approximated by a linear 162 

relationship in semi-logarithmic plot.  163 

24 24 24 ln( / )rv N                                                    (5a) 164 

,24 ,24 ,24 ln( / )b b b b rv N                                                (5b) 165 
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where ,24bN  and ,24b  are intrinsic compression parameters of bentonite matrix responsible 166 

for the reference time line, 
24N  and 

24  are the corresponding overall values of sand-bentonite 167 

mixtures, r =1 kPa is a reference stress.  168 

The sand-bentonite mixtures investigated in this study are binary mixtures, i.e., the inter-169 

granular space is fully filled with bentonite slurry. Considering that the sand particles are 170 

incompressible, one gets the relationship between the local void ratio of the bentonite matrix 171 

and the overall void ratio of the mixture: 172 

(1 )

(1 )

s b
b

s

e e
  

 

 



                                                       (6) 173 

where s and b are the particle density of the sand inclusions (2.69 g/cm3) and bentonite 174 

matrix (2.70 g/cm3), respectively.  175 

The specific volume is usually incorporated into constitutive models in classical soil 176 

mechanics, e.g., Cam-clay model. Therefore, we use the specific volume as the state variable, 177 

which can be easily extended to a general case. The overall creep parameter of sand-bentonite 178 

mixtures is defined as the slope of specific volume versus the logarithm of creep time.  179 

(ln ) (ln )

v e

t t

 


 
                                                          (7) 180 

A linear relationship in terms of the specific volume versus logarithm of creep time is given 181 

as 182 

0
0

0

ln et t
v v

t


 
   

 
                                                       (8) 183 

where 0t =1440 mins, 0v  is the corresponding overall specific volume on the reference time 184 

line, et  is the equivalent creep time beyond 1440 mins at a given stress level. After Yin (1999b), 185 

Feng et al. (2017), and Hu et al. (2014), soils usually exhibit nonlinear creep behavior: the creep 186 

parameter decreases with creep time. To investigate the effect of time duration on the creep 187 
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parameter, the sand-bentonite mixture samples were loaded at 100 kPa for more than 10000 188 

mins. The long-term creep data are shown in Fig. 4. It is seen that the linear relationship given 189 

in Eq. (8) is well consistent with the test data within the duration time (11295 mins) and test 190 

stress level (effective vertical stress =100 kPa). In the sequel, Eq. (8) would be adopted for the 191 

creep analysis of the sand-bentonite mixtures. Note that the relationship between the specific 192 

volume and logarithm of creep time may change with the choice of t0. If a lower value of t0 is 193 

adopted, the specific volume may change nonlinearly with the logarithm of creep time (Yin, 194 

1999b). 195 

Since the sand particles are incompressible, the overall creep deformation is induced by the 196 

creep of bentonite matrix. The local creep parameter of the bentonite matrix is introduced:  197 

(ln ) (ln )

b b
b

v e

t t

 


 
                                                   (9) 198 

Combining Eqs. (6), (7) and (9), the following equation can be obtained: 199 

(1 )

(1 )

s
b

s b

 
 

  




 
                                               (10) 200 

Discussion on the creep parameters 201 

Overall creep behavior  202 

The overall creep deformation of sand-bentonite mixtures depends on the local deformation 203 

of the bentonite matrix (Eq. (10)), therefore, the intrinsic creep behavior of bentonite matrix is 204 

investigated as a reference for assessing the overall behavior. The (overall) creep parameter in 205 

the following analysis is calibrated using Eq. (8) and the data points presented in Fig. 1. The 206 

test results of the pure bentonite with two different initial water contents are shown in Fig. 5 in 207 

terms of the creep parameter 
*

b  and the effective vertical stress. It is seen that the creep 208 

parameter shows a nonlinear decrease with increasing effective vertical stress. Additionally, the 209 

creep parameter of the sample with a lower initial water content (1.42 wL) is approximately 210 
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close to that of the one with a higher initial water content (1.69 wL) at a given stress level. This 211 

indicates that the influence of initial water content on the creep formation is negligible for the 212 

bentonite used in this study. Therefore, the creep behavior of bentonite matrix is noted as the 213 

‘intrinsic’ one. A double logarithmic function can well reproduce the relationship between the 214 

intrinsic creep parameter and the effective vertical stress: 215 

*

* *

b

b b

r




 



 
  

 
                                                         (11) 216 

To show the effect of sand mass fraction on the creep behavior of the sand-bentonite mixtures, 217 

the results of the mixtures with a given initial water content are shown in Fig. 6. It can be seen 218 

that the data points of the overall creep parameter are located below the intrinsic line of the pure 219 

bentonite. The overall creep parameter decreases with an increase of the sand mass fraction due 220 

to the increasing volume fraction of incompressible sand inclusions. For a given sand mass 221 

fraction, the influence of initial water content of the clay matrix on the overall creep parameter 222 

is shown in Fig. 7. Analogous to the pure bentonite in Fig. 5, the data points with different 223 

initial water contents are approximately close at a given stress level, hence, the influence of the 224 

initial water content of the bentonite matrix can be neglected in geotechnical point of view.  225 

Local creep behavior  226 

The local creep parameter of the bentonite matrix is computed from Eq. (10), the data are 227 

summarized in Fig. 8 in terms of the local creep parameter and the overall effective mean stress. 228 

It is seen that the data points are almost consistent with the intrinsic line of the pure bentonite 229 

matrix for a lower sand mass fraction ( =50%). The corresponding volume fraction of the sand 230 

inclusions varies from 0.05 (5kPa) to 0.20 (400 kPa). This is due to the fact that the stress 231 

distribution in binary mixtures is relatively uniform for such a low volume fraction of sand 232 

inclusions (Shi and Herle, 2017, Shi and Yin, 2017). For clarifying the stress distribution in the 233 

sand-bentonite mixtures, the local strain (deformation related to the primary consolidation) of 234 
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the bentonite matrix is calculated (Eq. (3)) and is presented in Fig. 9 in terms of the local strain 235 

and the overall effective stress. It is seen from Fig. 9(a) that the test data of the mixtures with a 236 

sand mass fraction of 50% is approximately close to those of the pure bentonite soil. It reveals 237 

that the local stress in the bentonite matrix is close to the overall value of the mixture sample. 238 

Therefore, the creep deformation of the bentonite matrix in sand-bentonite mixtures is almost 239 

the same as the one of the pure bentonite at a given stress level (Fig. 8).  240 

Analogous to the overall creep parameter, the local creep parameter of the bentonite matrix 241 

decreases with the increase of the sand mass fraction. Correspondingly, the data points of local 242 

permeability move downwards and are located below the intrinsic line of pure bentonite. It can 243 

be seen from Fig. 9 that the stress-strain curve tends to move downwards with increasing sand 244 

fraction, indicating that the stress distribution becomes more nonuniform and the stress in the 245 

sand inclusions is higher than that in the bentonite matrix. Moreover, the inhomogeneity of the 246 

bentonite matrix increases with increasing sand fraction, and the stress and strain distribution 247 

in the bentonite matrix is becoming more nonuniform. This can be explained by Fig. 10, the 248 

clay between adjacent sand inclusions are being densified, and clay bridges form. The stress 249 

and strain in the clay-bridge zones is higher than the corresponding average values in the 250 

bentonite matrix. This concept was adopted by many researchers for clarifying different 251 

mechanisms of binary sand-clay mixtures (E.g., Jafari and Shafiee, 2004; Fei, 2016; Deng et 252 

al., 2017; Shi and Yin, 2017). However, the so-called ‘clay-bridge’ is not stable, which may 253 

break down and be replaced by a new one with increasing stress level.  254 

 255 

A creep model using homogenization approach 256 

Structure variables and creep model 257 

The sand-bentonite mixtures consist of rigid sand inclusions and very soft bentonite clay 258 
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matrix. As stated by Hashin (1983) and Tu et al. (2005), the overall stiffness of these mixtures 259 

increases with the increase of sand fraction, however, it can approach only several times of the 260 

local stiffness of the matrix stiffness. Based on series of oedometer tests on sand-marine clay 261 

mixtures, Shi and Yin proposed a double logarithmic relationship between the overall tangent 262 

stiffness of the mixtures and local tangent stiffness of the clay matrix (Shi and Yin, 2017): 263 

,2424ln (1 ) ln
b

s

r r

EE
 

 

   
    

   
                                               (12) 264 

where Eb,24 and E24 are the local tangent stiffness of the bentonite clay matrix and the overall 265 

value of the mixtures, respectively.   represents the inter-granular structure evolution of the 266 

sand inclusions. As a structure variable, it is approximately close to 1 in case of a negligible 267 

volume fraction of the sand inclusions. Additionally, when the volume fraction of the sand 268 

inclusions reaches its maximum value (corresponding to the minimum void ratio of the sand 269 

skeleton), any further loading would be overtaken by the sand skeleton alone. Consequently, 270 

the structure variable becomes infinite. The structure variable increases with the volume 271 

fraction of sand inclusions, which can be expressed as 272 

s






 

 
  

 
                                                      (13) 273 

where   is upper limit of the volume fraction of sand inclusions corresponding to the minimum 274 

void ratio of the sand skeleton mine : min1 1 e  （ ）. ξ is a constant model parameter which 275 

controls the sensitivity of the structure variable   on the sand volume fraction s . Normally, ξ 276 

falls in between 0.5 and 1.0. For the sand material used in this study, the minimum void ratio 277 

of the sand skeleton emin=0.55, the model parameter ξ can be calibrated by using Eq. (13) and 278 

the test data of sand-bentonite mixtures, see Fig.11. ξ=0.8 can well fit the data points in Fig. 11 279 

regardless of the sand mass fraction and initial water content of the bentonite matrix. 280 

As stated above, the presence of clay-bridges between adjacent sand inclusions prevents 281 
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further creep deformation, leading to a decrease of local creep parameter of the bentonite matrix. 282 

An equivalent local creep parameter b̂  is introduced for assessing the creep deformation of 283 

the mixtures. It is defined as  284 

*

*ˆ

b

b b

r




 



 
  

 
                                                         (14) 285 

With   denoting the overall effective vertical stress in sand-bentonite mixtures. Eq. (14) 286 

means that the equivalent local creep parameter equals the creep parameter of the pure bentonite 287 

at the same effective vertical stress (It is assumed that the local stress in the bentonite matrix 288 

equals the overall value in the matrix). Another structure variable ̂  is defined as the ratio of 289 

the equivalent local creep parameter to the actual value calculated from Eq. (10).  290 

ˆ
ˆ b

b





                                                                (15) 291 

Note that,   and ̂  are structure variables, which are associated with the state of the sand-292 

clay mixtures. They are different from   which is a constant structure parameter. The evolution 293 

of the structure variable ̂  with the volume fraction of sand inclusions is shown in Fig. 12. The 294 

theoretical curve of the structure variable   (refer to Eq. (13)) is also plotted in this figure. It 295 

is seen that the structure variable ̂  increases with the volume fraction of sand inclusions, and 296 

the data points are well consistent with the structure variable  . Therefore, the local creep 297 

parameter can be expressed as 298 

* -

*ˆ
b

b
b b

r s



  
 

   

  
    

   
                                      (16) 299 

Substituting Eq. (16) into Eq. (10), the following creep model is obtained: 300 

* -
*(1 )

(1 )

b

s b

s b r s



    


     

  
   

     
                                (17) 301 
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Evolution of sand volume fraction 302 

There are two state variables in Eq. (17), the overall effective stress   and the volume 303 

fraction of the sand inclusions s . Since the sand inclusions are incompressible, the volume 304 

fraction of the sand inclusions decreases with increasing stress level. Following the model 305 

procedure proposed by Shi and Yin (2017), the sand volume fraction at a given stress level can 306 

be computed.  307 

The from the compression model of the bentonite Eq. (5b), the tangent stiffness of the 308 

bentonite matrix is deduced as  309 

24

,24

24 24 ,24

d d

d d(ln )

b bb b
b

b b b

v
E

v

 

 

 
    ，

， ，

                                      (18) 310 

With 24，b  denoting the local strain of the bentonite matrix corresponding a loading period 311 

of 24 h. Note that the strain used in Eq. (18) are defined as logarithmic strain. Considering the 312 

definition of the overall tangent stiffness, substitution of Eq. (18) into Eq. (12) gives 313 

(1 )(1 )

,24 24

24

24 ,24

d

d

ss

b b b

r r

r b r

E v
E

  


 

   


  

       
   

，                             (19) 314 

A significant difference in stiffness between the sand inclusions and the bentonite matrix 315 

leads to a nonuniform stress distribution in the sand-bentonite mixtures. To consider this effect, 316 

an incremental stress ratio is defined as the ratio of the local stress increment (bentonite matrix) 317 

to the overall stress increment:  318 

d

d

b











                                                        (20) 319 

The stress concentration variable   can be uniquely defined using the local stiffness and 320 

the overall stiffness of the mixtures (Hill, 1963). Combining Eqs (3), (18)-(20) yields  321 

1 (1 )

24

,24

1

1

s

b b

s b r

v
 






  

 

 
     

，                                          (21) 322 
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For a given overall load increment, the local stress increment can be computed from the stress 323 

concentration variable. Then, the local and overall strains can be determined, and the volume 324 

fraction of the sand fraction is computed afterwards. The numerical procedures would be given 325 

in details in the next section. 326 

Numerical procedures and validation of the model 327 

Remolded yield stress as a reference point for calculation 328 

For reproducing the compression curve of mixture samples, the starting point of Normal 329 

Compression Line (e.g., a specified void ratio and corresponding stress state) should be 330 

determined. For this purpose, the remolded yield stress for reconstituted soils proposed by Hong 331 

(2010) was adopted in this study. It is linked to suction pressure on the surface of soil samples 332 

arises during the sample preparation process (Hong et al., 2006; Shi and Herle, 2015). The 333 

remolded yield stress decreases with the increase of initial water content of oedometer samples 334 

(Hong, 2007; Hong et al., 2010; Shi and Herle, 2015; Shi and Herle, 2016). It is assumed that 335 

no deformation occurs within the remolded yield stress (Hong, 2007). In this case, the remolded 336 

yield stress can be estimated by extrapolating the Normal Compression Line to the initial void 337 

ratio e0 of the binary mixtures: 338 

24 0

24

1
expy

N e




  
   

 
                                             (22) 339 

Correspondingly, the compression curve of the binary mixtures is characterized by two 340 

regimes: the suction preloading regime below the remolded yield stress σ′y and the post-yield 341 

regime beyond σ′y. The deformation is negligible when the consolidation stress is lower than σ′y 342 

( 0e e ). However, the stiffness decreases and the compression data beyond the remolded yield 343 

stress can be reproduced by the proposed compression model (Eqs (2), (13), (18)-(21)). 344 

The remolded yield stress of sand-bentonite mixtures in given in Table 1. It corresponds to 345 
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the assumption that no deformation occurs within the remolded yield stress. This assumption 346 

may lead to an underestimation of the remolded yield stress (Hong et al., 2010). However, the 347 

remolded yield stress is extremely low, and such a low stress is not of interest in engineering 348 

practice. The real remolded yield stress should be slightly higher than that in Table 1. In this 349 

case, the soil squeezing could be avoided at a stress level of 1.7 kPa. 350 

Model parameters and calibration 351 

From the model presented above (Eqs (2), (13), (17)-(21)), five parameters need to be calibrated 352 

for the creep model: *

b , *

b , ,24bN , ,24b ,  . The first four parameters depend on the intrinsic 353 

behavior of the pure bentonite, and the last one is related to the structure evolution of sand 354 

skeleton in the mixture. The physical meaning and the calibration of the model parameter are 355 

summarized as follows: *

b , *

b  are the creep parameters, which are calibrated from the creep 356 

data of the pure bentonite; ,24bN , ,24b  are intrinsic compression parameters of the bentonite. 357 

They can be calibrated from the compression data of the pure bentonite beyond the remolded 358 

yield stress. The effect of the structure evolution of sand skeleton in the binary mixtures is 359 

incorporated into the model by introducing the structure parameter  . 360 

Two oedometer tests need to be done for calibrating the above parameters: one test on the 361 

pure bentonite and the other on a sand-bentonite mixture with a predefined sand mass fraction. 362 

Note that the time duration at each surcharge loading should be long enough for the analysis of 363 

creep behavior. The local creep parameter of the pure bentonite is determined using Eq. (9), 364 

then, the intrinsic creep parameters *

b , *

b  are calibrated in terms of the relationship between 365 

the local creep parameter and the effective vertical stress, as shown in Fig. 5. The intrinsic 366 

compression parameters 24b,N , 24b,  are calibrated according to the reference time line of the 367 

bentonite clay in semi-logarithmic lnv   plot, as shown in Fig. 3. Note that the reference 368 

time line of bentonite is not unique, which depends on the initial water content. Hence, the 369 
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intrinsic compression parameters 
24b,N , 

24b,  for the two series of tests (one with a lower initial 370 

water content of the bentonite matrix and the other with a higher value) are different. The 371 

structure parameter   is calibrated based on the data of a sand-bentonite mixture, by trial and 372 

error method through the relationship between the structure variable   and the volume fraction 373 

of the sand inclusions, as shown in Fig. 11. It is expected that the structure parameter   is 374 

influenced by the shape of sand inclusions and the particle size distribution of the sand material. 375 

The calibrated model parameters for the tested materials are given in Table 1.  376 

Numerical procedures  377 

The full model consists of two parts: calculation of the volume fraction of the sand inclusions 378 

and computing the creep parameter afterwards. The computation procedures of the proposed 379 

are given as follows: 380 

(1) Estimating the remolded yield stress of the mixtures σ′y. A reference point (σ′=σ′y, e=e0) is 381 

adopted as the initial state of the mixture.  382 

(2) It is assumed that the stress distribution in the mixture is uniform at the reference point (σ′y, 383 

e0), i.e., b s      . The work done by previous researchers reveals that the undrained 384 

shear stress of remolded sand-clay mixtures is approximately close to that of the clay matrix 385 

(e.g., Stone and Kyambadde, 2012; Cabalar and Mustafa, 2015). This reveals that the stress 386 

in the sand-clay matrix is almost uniform at the fully remolded state. 387 

(3) For a given overall effective stress increment at the kth incremental step k)(d  , the current 388 

local effective stress increment of the bentonite matrix is 1(d ) ( )k k k

b d     ( -1k

  is the 389 

incremental stress ratio at the kth incremental step).  390 

(4) The overall strain and stress at the last incremental step are denoted as -1( )kσ  and 
-1

24( )k , 391 

respectively. The overall and local stresses are updated as: -1( ) ( ) (d )k k kσ σ σ    ; 392 
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-1( ) ( ) (d )k k k

b b b      .  393 

(5) Compute the overall strain increment 24(d )k and the local strain increment of the bentonite 394 

matrix 24(d )k

b ， : 
24 -1

24

(d )
(d )

( )

k
k

kE





 ; ,24 -1

,24

(d )
(d )

( )

k
k b

b k

bE





 . -1

24( )kE and -1

24( )k

b,E  denote the 395 

overall and local stiffness at the last incremental step, refer to Eqs (18) and (19).  396 

(6) The overall strain and local strain of bentonite are updated as: -1( ) ( ) (d )k k k    ; 397 

-1( ) ( ) (d )k k k

b b b    . The current void ratios are calculated as 398 

0( ) (1 )exp( ) 1k ke e     ; 0( ) (1 )exp( ) 1k k

b b be e                                (23) 399 

(7) The volume fraction of sand inclusions at the current incremental step (denoted as ( )k

s ) 400 

is updated using Eqs (2) and (23).  401 

(8) The overall creep parameter at the current incremental step ( )k  is calculated according to 402 

Eq. (17).  403 

(9) The structure variable at the current step k is computed according to Eq. (13) and the 404 

updated volume fraction of sand inclusions. The stress incremental ratio at the current 405 

incremental step k

 is then computed using Eq. (21).  406 

(10) For the next incremental step, repeat Steps (3)-(9). 407 

Validation of the model  408 

Following the numerical procedures listed above, the oedometer data of the sand-bentonite 409 

mixtures is reproduced using the model parameters given in Table 1. Fig. 13 shows the 410 

simulated compression curves of the mixtures in terms of the specific volume and the overall 411 

effective stress. It is seen that the model can well reproduce the compression data with different 412 

sand mass fractions and different initial water content of the bentonite matrix. Note that 413 

different compression parameters are adopted for the different initial water content of the 414 
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bentonite matrix, since the initial water content significantly affects the reference time line of 415 

the pure bentonite. The evolution of the volume fraction of sand inclusions is shown in Fig. 14, 416 

indicating an excellent consistence between the experimental data point and the model 417 

prediction. Correspondingly, the structure parameter   is calculated at a given stress level, 418 

which is shown in Fig.15 together with the experimental data. It is seen that some differences 419 

arise between the model prediction and test data. This may be induced by the assumption of a 420 

uniform stress distribution at the remolded yield stress. However, the differences vanish after 421 

approaching an overall effective stress of 25 kPa. Finally, the local creep parameter is computed 422 

using Eq. (16), and model prediction is shown in Fig. 16. The overall creep parameter is 423 

calculated and is presented in Fig. 17 in terms of the overall creep parameter and the overall 424 

effective stress. Comparison between the model prediction and experimental data reveals a 425 

satisfactory performance of the proposed model. 426 

 427 

Conclusions 428 

The sand-bentonite mixtures show a considerable creep deformation. To analyze of the creep 429 

behavior, a series of oedometer tests was performed on the binary mixtures, and an analytical 430 

model was proposed for reproducing the laboratory data. The main conclusions of this study 431 

are summarized as follows:  432 

(1) Oedometer tests on sand-bentonite mixtures reveal that the reference time line 433 

(corresponding to 24h of consolidation) is significantly affected by both the initial water 434 

content and the sand mass fraction. However, the influence of initial water content of the 435 

bentonite matrix on the overall creep behavior seems to be neglected.  436 

(2) The local creep parameter with a sand mass fraction of 50% is approximately close to that 437 

of the pure bentonite due to a relatively low volume fraction of sand inclusions. However, 438 

the local creep parameter of the bentonite matrix decreases with the further increase of 439 
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sand mass fraction (65% and 75%). This phenomenon is accompanied by increasing 440 

inhomogeneity of the binary mixtures, and it can be explained by a formation of clay-441 

bridges between adjacent sand inclusions.  442 

(3) An equivalent local creep parameter is introduced for assessing the creep deformation of 443 

the mixtures, and a new structure variable ̂  is defined as the ratio of the equivalent local 444 

creep parameter to the actual value. Analysis on the laboratory data shows that the structure 445 

variable ̂  can be approximated by the one for the inter-granular structure evolution  .  446 

(4) A model is proposed for the creep behavior of sand-bentonite mixtures. The overall creep 447 

parameter depends on the volume fraction of sand and the structure parameter controlling 448 

the inter-granular structure evolution of sand inclusions. The evolution of volume fraction 449 

is computed based on the model for reference time line of the binary mixtures. 450 

(5) The proposed creep model has five parameters, four of them represent the intrinsic 451 

behavior of the pure bentonite, and a structure parameter incorporating the inter-granular 452 

structure effects. The parameters can be easily calibrated based on two conventional 453 

oedometer tests. Comparison between the model prediction and test data reveals that the 454 

model performance is satisfactory for reproducing the creep behavior of the sand-bentonite 455 

mixtures. 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 
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 465 

List of symbols 466 

e            Overall void ratio of sand-bentonite mixtures 467 

0e           Initial overall void ratio of sand-bentonite mixtures 468 

be           Void ratio of bentonite matrix in sand-bentonite mixtures 469 

mine         The minimum void ratio of sand skeleton 470 

24E         Tangent stiffness corresponding to the reference time line of sand-bentonite mixtures 471 

,24bE       Tangent stiffness corresponding to the reference time line of bentonite matrix 472 

0h           Initial height of the test samples (sand-bentonite mixtures) 473 

h            Height of the test samples during loading process (sand-bentonite mixtures) 474 

bN          Overall specific volume on reference time lines of mixtures at a stress of 1.0 kPa 475 

24b,N       Specific volume on reference time lines of bentonite at a stress of 1.0 kPa 476 

et            Equivalent creep time beyond 1440 mins at a given stress level  477 

v            Overall specific volume of sand-bentonite mixtures 478 

0v           Initial overall specific volume of sand-bentonite mixtures 479 

24v         Initial overall specific volume on reference time lines 480 

bv          Specific volume of bentonite matrix 481 

,24bv       Initial specific volume of bentonite matrix on reference time lines 482 

ssV         Volume of sand inclusions 483 

sbV        Volume of solid phase in bentonite matrix 484 

fbV        Volume of fluid phase in bentonite matrix 485 

Lw         Liquid limit of sand-bentonite mixtures 486 



22 

 

*

b ( *

b ) Intrinsic creep parameters of the pure bentonite 487 

24          Strain corresponding to the reference time line of sand-bentonite mixtures 488 

,24b        Strain corresponding to the reference time line of bentonite 489 

24          Slope of the reference time line of sand-bentonite mixtures 490 

24b,        Slope of the reference time line of bentonite matrix 491 

         Stress incremental ratio 492 

           Constant model parameter controlling the sensitivity of the structure parameter on the 493 

sand volume fraction 494 

            Upper limit of the volume fraction of sand inclusions 495 

b          Density of soil particles of bentonite matrix 496 

s          Density of soil particles of sand inclusions 497 

          Overall stress in sand-bentonite mixtures 498 

b           Stress in bentonite matrix in sand-bentonite mixtures 499 

r          A unit reference stress of 1.0 kPa 500 

s           Stress in sand inclusions in sand-bentonite mixtures 501 

y           Remolded yield stress of sand-bentonite mixtures 502 

            Dry mass fraction of sand inclusions in sand-bentonite mixtures 503 

s           Volume fraction of sand inclusions 504 

        Structure variable associated with the inter-granular structure evolution of the sand 505 

inclusions 506 

̂        Structure variable defined as the ratio of the equivalent local creep parameter to the 507 

actual value 508 

          Overall creep parameter of sand-bentonite mixtures 509 
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b          Local creep parameter of bentonite matrix in sand-bentonite mixtures 510 

*

b         Creep parameter of pure bentonite 511 

ˆ
b          Equivalent local creep parameter of bentonite matrix 512 

 513 

 514 
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Table 1: Initial state of the oedometer samples and parameters for the proposed model 

Samples 0bw    y   *

b  
*

b  ,24bN  ,24b    

 (%) (%) (kPa) --- --- --- --- --- 

Series-1 885 0 0.33 1.22 -0.53 22.00 2.75 0.80 

Series-1 885 50 0.45 1.22 -0.53 22.00 2.75 0.80 

Series-1 885 65 0.39 1.22 -0.53 22.00 2.75 0.80 

Series-1 885 75 0.67 1.22 -0.53 22.00 2.75 0.80 

Series-2 744 0 0.70 1.22 -0.53 20.23 2.40 0.80 

Series-2 744 65 0.72 1.22 -0.53 20.23 2.40 0.80 

Series-2 744 75 0.61 1.22 -0.53 20.23 2.40 0.80 
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