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Abstract

A series of oedometer tests was performed on the binary sand-bentonite mixtures,
considering both the effect of sand mass fraction and the initial water content of the bentonite
matrix. The experimental data reveals that the influence of initial water content of the bentonite
matrix on the overall creep behavior of the mixture is negligible. However, the reference time
line (corresponding to 24h of consolidation) is significantly affected by both the initial water
content and the sand mass fraction. The local creep parameter of the bentonite matrix is
approximately close to that of the pure bentonite for a mixture with a sand mass fraction of 50%.
However, it decreases with the further increase of sand mass fraction due to increasing
inhomogeneity of the binary mixtures and a formation of clay-bridges between adjacent sand
inclusions. An equivalent local creep parameter is defined, and a new structure variable is
introduced, which can be approximated by the structure variable responsible for the inter-
granular structure evolution. Finally, a creep model was formulated using mixture theory. The
proposed model has five parameters, one structure parameter incorporating the inter-granular
structure effect, and the others depend on the intrinsic behavior of the pure bentonite. Only two
conventional oedometer tests need to be done for calibrating the parameters. The model
prediction is then compared with experimental data, revealing a satisfactory performance of the

proposed model.

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

structure
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Introduction

Sand-bentonite mixtures are commonly adopted as a barrier material (Graham et al., 1992;
Peters and Berney, 2010; Tong and Yin, 2011; Wang et al., 2013). As a binary mixture, (with
coarse sand particles being the inclusions and fine bentonite being the clay matrix), it inherits
the property of the bentonite clay matrix, e.g., high swelling potential, low hydraulic
conductivity and radionuclide retardation capacity (Sivapullaiah et al., 2000; Vilarrasa et al.,
2005; Pal and Ghosh, 2005; Thyagaraj et al., 2016; Deng et al., 2017). The behavior of
bentonite depends on its two levels of pore system: intra-aggregate pores inside and between
the clay particles in clay aggregates, and inter-aggregate pores between the clay aggregates
(Delage et al., 2006; Nowamooz, 2014).

The compressibility of sand-bentonite mixtures can be divided into two parts, one is coupled
with the pore water dissipation (primary consolidation), and the other one is creep deformation
after the end of primary consolidation. It is widely accepted that a primary consolidation is due
to the decrease of inter-aggregate space, and a significant creep deformation is induced by the
progressive closure of intra-aggregate pores in the bentonite clay matrix (De Jong and Verruijt,
1965; Navarro and Alonso, 2001; Le, et al., 2012; Fatahi et al., 2013; Choo and Borja, 2015;
Sanchez et al., 2016; Choo et al., 2016). Analyzing the time-depend compressibility of the sand-
bentonite mixtures is important for preventing the migration of contaminants from waste
disposal vault.

The deformation behavior of gap-graded binary mixtures was documented by many
researchers (E.g., Yin 1999a; Reil et al., 2002; Monkul and Ozden, 2007; Watabe et al., 2011,
Polidori 2007 and 2015; Fatahi, and Khabbaz, 2013; Elkady et al., 2015; Chu et al., 2017; Sun
et al., 2017). Most of the previous work is based on the laboratory element tests and the
corresponding analysis is empirical or semi-empirical (e.g., Yin 1999a; Polidori 2015; Sun et

al., 2017). It revealed that there was a ‘transition clay content’, beyond which the overall
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compressibility was controlled by the sand skeleton (Monkul and Ozden, 2007, Sun et al., 2017).
The intergranular structure evolution was incorporated into a compression model (Shi and Yin,
2017) using homogenization approach.

The time dependent compression behavior of sand-bentonite mixtures is investigated in this
paper, both experimentally and theoretically. Since the initial water content affects the
compressibility of clays (Hong et al., 2010; Shi and Herle, 2015; Cerato and Lutenegger., 2015;
Zeng et al., 2015 and 2016; Zhou et al., 2016; Horpibulsuk et al., 2016; Bian et al., 2016; Bian
etal., 2017; Shi and Yin, 2017), both the influence of sand fraction and the initial water content

of the bentonite matrix is incorporated in the subsequent analysis.

Definition of state dependent variables

Sand-bentonite mixtures consist of sand particles and the bentonite clay matrix within the
inter-granular space. If it is assumed that the sand inclusions do not have any water holding
capacity (Mitchell, 1993), the binary mixture is composed of silts, clay particles, fluids and
sand particles. The silts and clay particles are the solid phases (the volume is denoted as Vsp) in
the bentonite matrix, and the overall compressibility is induced by the dissipation of fluid phase
(denoted as Vs in representative elementary volume). The volume of sand inclusions is
represented as Vss, thus the corresponding volume fraction ¢s is given as

Vv
b= €y
Vfb +Vsb +Vss

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

inclusions increases with the decrease of the volume of clay matrix. Therefore, ¢s is a state

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

4 - \i_ Vi, Vg, +V V_Sb= e, —¢€ @)
TV Vg Ve Ve +Ve +V [V, (L+e)g,
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With e, =V, /V,, denoting the local void ratio of the bentonite clay matrix, and
e=V, /(Vy +V,) denoting the overall void ratio of the sand-bentonite mixture, respectively.

The stress (strain) distribution is nonuniform due to the difference in stiffness between the
sand inclusions and soft bentonite matrix. (Weng and Tandon, 1988; Shi and Herle, 2017; Shi
and Yin, 2017; Shietal., 2017). To this end, the stress and strain variables are defined as volume
average values. Within mixture theory, the overall stress ¢’ (or strain ¢) can be expressed in

terms of the local values:
o' = (1_¢s)o-t; +¢so-s’ €= (1_¢s)gb (3)
where o, (or o) and ¢, are the volume average stress and strain in the bentonite matrix (or

sand inclusions), respectively. Note that the overall strain of mixtures depends on the local
strain of the clay matrix due to the incompressible sand inclusions.

The void ratios in Eg. (2) can be easily computed based on the initial overall (local) void
ratio and the current overall (local) strain of the mixture. The above state variables can be well
defined using a limited number of inclusions within representative volume element (RVE)
concept (Gonzalez et al., 2004; Shi and Herle, 2017; Shi and Yin, 2017) on this type of binary

mixtures.

Time dependent deformation of sand-bentonite mixtures

Materials and test program

The materials used for the binary mixtures are a silica sand material (coarse inclusions) and
a bentonite (clay matrix). Most of the sand particles have a sub-angular shape with a particle
size ranging from 1.0 mm to 2.0 mm. The maximum and minimum void ratios of the sand

material are 0.89 and 0.55, respectively. The above two limit void ratios are important for
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evaluating the evolution of the sand skeleton during the compression of sand-bentonite mixtures.
The bentonite has a liquid limit of 524% and a plastic limit of 64%. The above basic physical
properties are measured according to BS1377 (British Standards Institution, 1991).

As stated above, the initial water content affects the compressibility of clays during primary
consolidation. However, the effect of initial water content on the creep behavior was rarely
reported. To investigate this effect, water was added to the dry bentonite to get two different
initial water contents of the bentonite slurry, a higher value of 885% (1.69 w.) and a lower one
of 744% (1.42 w.). After that, silica sand particles and bentonite slurry were mixed
homogeneously with various sand mass fractions v (v is defined as the ratio of the dry mass of
sand inclusions to the overall dry mass of the sand-bentonite mixture. Four different mass
fractions for the slurry with a higher initial water content, 0%, 50%, 65%, and 75%; three
different mass fractions for the one with a lower initial water content, 0%, 65%, and 75%).
Then, the samples were kept in an airtight container for 48 hours to make them fully saturated.
Since the initial water content is relatively high, the sand mass fraction adopted in this paper is
higher than those in previous literature (E.g., Yin, 1999a; Monkul and Ozden, 2007; Zhou and
Xu, 2015; Chu et al., 2017; Shi and Yin, 2017). In this case, the volume of the bentonite matrix
is high enough to fill the inter-granular space.

The sample has a height of 19 mm and a diameter of 50 mm. A small initial stress of ca. 1.7
kPa was applied to the sample, which prevents soil squeezing from the gap between the loading
cap and the consolidation ring. Subsequent consolidation stresses were 2.5, 5.0, 10, 25, 50, 100,
200, 400 (800) kPa. The time duration at stress levels beyond 10 kPa is more than 5000 mins.
To investigate the long-term creep behavior of the sand-bentonite mixtures, the samples were

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

Time dependent compression behavior

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

6
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compressibility of the samples (¢=In(ho/h), with hg and h representing the initial and current
heights of mixture samples, respectively). The time dependent overall strain of the sand-
bentonite mixtures at various stress levels is shown in Fig. 1. The overall compression can be
divided into the primary consolidation and creep deformation. The end of primary consolidation
(EOP) point can be determined using Casagrande method. It reveals that the time duration
responsible for the primary consolidation is less than 1 day (1440 mins) at stress levels beyond
10 kPa.

A reference time line should be determined for subsequent creep analysis. It corresponds to
either the end of primary consolidation or 24 hours in the laboratory testing (Yin, 2015; Yin
and Feng, 2016). Since the end of ‘primary consolidation’ is less than 24 hours, the latter one
(24 hours) is adopted for the reference time line. The reference time line for sand-bentonite
mixtures with different initial water contents and different sand fractions are shown in Fig. 2
(in terms of the overall strain and the overall effective stress). The overall compressibility
decreases with increasing sand fraction due to the incompressible sand inclusions. Additionally,
the reference time line is not unique, which varies with the initial water content of the bentonite
matrix.

The current overall void ratio of the samples is computed from its initial value and the
corresponding logarithmic strain:

e=(1+e,)exp(—s) -1 4)

The results of oedometer tests in terms of overall effective stress and overall specific volume
(v = 1 + e) are shown in Fig. 3 (semi-logarithmic scale). It is seen that the compression data
with various initial water contents and various sand fractions can be approximated by a linear
relationship in semi-logarithmic plot.

Vo =Ngy =4y In(0’/ 0) (52)

Vb,2a = Nb,24 _%,24 In(c, / 0,) (5b)
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where N, ,, and 4, ,, are intrinsic compression parameters of bentonite matrix responsible
for the reference time line, N,, and A,, are the corresponding overall values of sand-bentonite

mixtures, o, =1 kPa is a reference stress.

The sand-bentonite mixtures investigated in this study are binary mixtures, i.e., the inter-
granular space is fully filled with bentonite slurry. Considering that the sand particles are
incompressible, one gets the relationship between the local void ratio of the bentonite matrix

and the overall void ratio of the mixture:

_ (1_U)ps +Up, e (6)
(1—0)/)5

b

where p.and p, are the particle density of the sand inclusions (2.69 g/cm?®) and bentonite

matrix (2.70 g/cm®), respectively.

The specific volume is usually incorporated into constitutive models in classical soil
mechanics, e.g., Cam-clay model. Therefore, we use the specific volume as the state variable,
which can be easily extended to a general case. The overall creep parameter of sand-bentonite

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

W:_ég:t):_5g§t) @

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

v:vo—z//ln(t":;te] (8)

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

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

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

parameter decreases with creep time. To investigate the effect of time duration on the creep
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parameter, the sand-bentonite mixture samples were loaded at 100 kPa for more than 10000
mins. The long-term creep data are shown in Fig. 4. It is seen that the linear relationship given
in Eq. (8) is well consistent with the test data within the duration time (11295 mins) and test
stress level (effective vertical stress =100 kPa). In the sequel, Eq. (8) would be adopted for the
creep analysis of the sand-bentonite mixtures. Note that the relationship between the specific
volume and logarithm of creep time may change with the choice of to. If a lower value of to is
adopted, the specific volume may change nonlinearly with the logarithm of creep time (Yin,
1999b).

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

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

oV, oe,
= — = — 9
Vo T Tsny ~ s(int) ®)
Combining Egs. (6), (7) and (9), the following equation can be obtained:
1-v
y-0e (10)

1-v)p, +vp,
Discussion on the creep parameters

Overall creep behavior

The overall creep deformation of sand-bentonite mixtures depends on the local deformation
of the bentonite matrix (Eqg. (10)), therefore, the intrinsic creep behavior of bentonite matrix is
investigated as a reference for assessing the overall behavior. The (overall) creep parameter in
the following analysis is calibrated using Eq. (8) and the data points presented in Fig. 1. The

test results of the pure bentonite with two different initial water contents are shown in Fig. 5 in
terms of the creep parameter y, and the effective vertical stress. It is seen that the creep

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

creep parameter of the sample with a lower initial water content (1.42 wy) is approximately

9
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close to that of the one with a higher initial water content (1.69 wy) at a given stress level. This
indicates that the influence of initial water content on the creep formation is negligible for the
bentonite used in this study. Therefore, the creep behavior of bentonite matrix is noted as the
‘intrinsic’ one. A double logarithmic function can well reproduce the relationship between the

intrinsic creep parameter and the effective vertical stress:

o’ A
Yy = (_] (11)

To show the effect of sand mass fraction on the creep behavior of the sand-bentonite mixtures,
the results of the mixtures with a given initial water content are shown in Fig. 6. It can be seen
that the data points of the overall creep parameter are located below the intrinsic line of the pure
bentonite. The overall creep parameter decreases with an increase of the sand mass fraction due
to the increasing volume fraction of incompressible sand inclusions. For a given sand mass
fraction, the influence of initial water content of the clay matrix on the overall creep parameter
is shown in Fig. 7. Analogous to the pure bentonite in Fig. 5, the data points with different
initial water contents are approximately close at a given stress level, hence, the influence of the

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

Local creep behavior

The local creep parameter of the bentonite matrix is computed from Eq. (10), the data are
summarized in Fig. 8 in terms of the local creep parameter and the overall effective mean stress.
It is seen that the data points are almost consistent with the intrinsic line of the pure bentonite
matrix for a lower sand mass fraction (v =50%). The corresponding volume fraction of the sand
inclusions varies from 0.05 (5kPa) to 0.20 (400 kPa). This is due to the fact that the stress
distribution in binary mixtures is relatively uniform for such a low volume fraction of sand
inclusions (Shi and Herle, 2017, Shi and Yin, 2017). For clarifying the stress distribution in the

sand-bentonite mixtures, the local strain (deformation related to the primary consolidation) of

10
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the bentonite matrix is calculated (Eg. (3)) and is presented in Fig. 9 in terms of the local strain
and the overall effective stress. It is seen from Fig. 9(a) that the test data of the mixtures with a
sand mass fraction of 50% is approximately close to those of the pure bentonite soil. It reveals
that the local stress in the bentonite matrix is close to the overall value of the mixture sample.
Therefore, the creep deformation of the bentonite matrix in sand-bentonite mixtures is almost
the same as the one of the pure bentonite at a given stress level (Fig. 8).

Analogous to the overall creep parameter, the local creep parameter of the bentonite matrix
decreases with the increase of the sand mass fraction. Correspondingly, the data points of local
permeability move downwards and are located below the intrinsic line of pure bentonite. It can
be seen from Fig. 9 that the stress-strain curve tends to move downwards with increasing sand
fraction, indicating that the stress distribution becomes more nonuniform and the stress in the
sand inclusions is higher than that in the bentonite matrix. Moreover, the inhomogeneity of the
bentonite matrix increases with increasing sand fraction, and the stress and strain distribution
in the bentonite matrix is becoming more nonuniform. This can be explained by Fig. 10, the
clay between adjacent sand inclusions are being densified, and clay bridges form. The stress
and strain in the clay-bridge zones is higher than the corresponding average values in the
bentonite matrix. This concept was adopted by many researchers for clarifying different
mechanisms of binary sand-clay mixtures (E.g., Jafari and Shafiee, 2004; Fei, 2016; Deng et
al., 2017; Shi and Yin, 2017). However, the so-called ‘clay-bridge’ is not stable, which may

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

A creep model using homogenization approach

Structure variables and creep model

The sand-bentonite mixtures consist of rigid sand inclusions and very soft bentonite clay

11
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matrix. As stated by Hashin (1983) and Tu et al. (2005), the overall stiffness of these mixtures
increases with the increase of sand fraction, however, it can approach only several times of the
local stiffness of the matrix stiffness. Based on series of oedometer tests on sand-marine clay
mixtures, Shi and Yin proposed a double logarithmic relationship between the overall tangent

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

x| ra-gym| 52 @)
o o

r r

where Ep24 and E24 are the local tangent stiffness of the bentonite clay matrix and the overall
value of the mixtures, respectively. y represents the inter-granular structure evolution of the
sand inclusions. As a structure variable, it is approximately close to 1 in case of a negligible
volume fraction of the sand inclusions. Additionally, when the volume fraction of the sand
inclusions reaches its maximum value (corresponding to the minimum void ratio of the sand
skeleton), any further loading would be overtaken by the sand skeleton alone. Consequently,
the structure variable becomes infinite. The structure variable increases with the volume

fraction of sand inclusions, which can be expressed as

¢
4
Z=[8_¢sj (13)

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

void ratio of the sand skeletone,,, : 9=1/1+e,,). ¢ is a constant model parameter which

controls the sensitivity of the structure variable y on the sand volume fraction ¢,. Normally, &

falls in between 0.5 and 1.0. For the sand material used in this study, the minimum void ratio
of the sand skeleton enin=0.55, the model parameter ¢ can be calibrated by using Eq. (13) and
the test data of sand-bentonite mixtures, see Fig.11. £&=0.8 can well fit the data points in Fig. 11
regardless of the sand mass fraction and initial water content of the bentonite matrix.

As stated above, the presence of clay-bridges between adjacent sand inclusions prevents

12
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further creep deformation, leading to a decrease of local creep parameter of the bentonite matrix.
An equivalent local creep parameter 7, is introduced for assessing the creep deformation of

the mixtures. It is defined as

AV
N | O
V, =, (_] (14)

With o' denoting the overall effective vertical stress in sand-bentonite mixtures. Eq. (14)
means that the equivalent local creep parameter equals the creep parameter of the pure bentonite
at the same effective vertical stress (It is assumed that the local stress in the bentonite matrix

equals the overall value in the matrix). Another structure variable 7 is defined as the ratio of

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

p=t (15)
Yo

Note that,  and y are structure variables, which are associated with the state of the sand-
clay mixtures. They are different from & which is a constant structure parameter. The evolution
of the structure variable 7 with the volume fraction of sand inclusions is shown in Fig. 12. The
theoretical curve of the structure variable y (refer to Eq. (13)) is also plotted in this figure. It
is seen that the structure variable 7 increases with the volume fraction of sand inclusions, and
the data points are well consistent with the structure variable y . Therefore, the local creep

parameter can be expressed as

v o A 9 £
=20 _ o 2 16
S “b(o-J [9—¢J o
Substituting Eq. (16) into Eq. (10), the following creep model is obtained:
* V.S -¢
W= (1—U)p50!b i 9 (17)
A-v)p,+vp,\ o, ) (I-¢,

13
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Evolution of sand volume fraction

There are two state variables in Eq. (17), the overall effective stress ¢’ and the volume
fraction of the sand inclusions ¢,. Since the sand inclusions are incompressible, the volume

fraction of the sand inclusions decreases with increasing stress level. Following the model
procedure proposed by Shi and Yin (2017), the sand volume fraction at a given stress level can
be computed.

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

bentonite matrix is deduced as

’ ’ !
_ doy, _ do,  Vy20y
b24 = = =
de; d(Inv,,,) Ab 24

(18)

With ¢, ,, denoting the local strain of the bentonite matrix corresponding a loading period

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

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

, x(-¢,) , \A(4)
E, = do - ( Eb,24j 0, [vb,24o-b J (19)

dey, O, A, 240

A significant difference in stiffness between the sand inclusions and the bentonite matrix
leads to a nonuniform stress distribution in the sand-bentonite mixtures. To consider this effect,
an incremental stress ratio is defined as the ratio of the local stress increment (bentonite matrix)
to the overall stress increment:

do!
U, =— (20)
do
The stress concentration variable x_ can be uniquely defined using the local stiffness and

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

1 (v YW
1, = b.24% (21)
l_¢s /1b,24o-r
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For a given overall load increment, the local stress increment can be computed from the stress
concentration variable. Then, the local and overall strains can be determined, and the volume
fraction of the sand fraction is computed afterwards. The numerical procedures would be given

in details in the next section.
Numerical procedures and validation of the model

Remolded yield stress as a reference point for calculation

For reproducing the compression curve of mixture samples, the starting point of Normal
Compression Line (e.g., a specified void ratio and corresponding stress state) should be
determined. For this purpose, the remolded yield stress for reconstituted soils proposed by Hong
(2010) was adopted in this study. It is linked to suction pressure on the surface of soil samples
arises during the sample preparation process (Hong et al., 2006; Shi and Herle, 2015). The
remolded yield stress decreases with the increase of initial water content of oedometer samples
(Hong, 2007; Hong et al., 2010; Shi and Herle, 2015; Shi and Herle, 2016). It is assumed that
no deformation occurs within the remolded yield stress (Hong, 2007). In this case, the remolded
yield stress can be estimated by extrapolating the Normal Compression Line to the initial void

ratio eo of the binary mixtures:

o, = exp(%] (22)
4

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

regimes: the suction preloading regime below the remolded yield stress oy and the post-yield

regime beyond o', The deformation is negligible when the consolidation stress is lower than o),

(e=e,). However, the stiffness decreases and the compression data beyond the remolded yield

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

The remolded yield stress of sand-bentonite mixtures in given in Table 1. It corresponds to

15



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

the assumption that no deformation occurs within the remolded yield stress. This assumption
may lead to an underestimation of the remolded yield stress (Hong et al., 2010). However, the
remolded yield stress is extremely low, and such a low stress is not of interest in engineering
practice. The real remolded yield stress should be slightly higher than that in Table 1. In this

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

Model parameters and calibration

From the model presented above (Egs (2), (13), (17)-(21)), five parameters need to be calibrated
for the creep model: &, B;, Ny, 420, & The first four parameters depend on the intrinsic
behavior of the pure bentonite, and the last one is related to the structure evolution of sand
skeleton in the mixture. The physical meaning and the calibration of the model parameter are

summarized as follows: «,, A, are the creep parameters, which are calibrated from the creep
data of the pure bentonite; N, ,,, 4, ,, are intrinsic compression parameters of the bentonite.

They can be calibrated from the compression data of the pure bentonite beyond the remolded
yield stress. The effect of the structure evolution of sand skeleton in the binary mixtures is
incorporated into the model by introducing the structure parameter &.

Two oedometer tests need to be done for calibrating the above parameters: one test on the
pure bentonite and the other on a sand-bentonite mixture with a predefined sand mass fraction.
Note that the time duration at each surcharge loading should be long enough for the analysis of
creep behavior. The local creep parameter of the pure bentonite is determined using Eq. (9),

then, the intrinsic creep parameters «, , A3, are calibrated in terms of the relationship between
the local creep parameter and the effective vertical stress, as shown in Fig. 5. The intrinsic
compression parameters N, ,,, 4, ,, are calibrated according to the reference time line of the

bentonite clay in semi-logarithmic v—Ino’ plot, as shown in Fig. 3. Note that the reference

time line of bentonite is not unique, which depends on the initial water content. Hence, the
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intrinsic compression parameters N, ,,, 4, ,, for the two series of tests (one with a lower initial
water content of the bentonite matrix and the other with a higher value) are different. The
structure parameter & is calibrated based on the data of a sand-bentonite mixture, by trial and
error method through the relationship between the structure variable y and the volume fraction
of the sand inclusions, as shown in Fig. 11. It is expected that the structure parameter & is

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

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

Numerical procedures

The full model consists of two parts: calculation of the volume fraction of the sand inclusions
and computing the creep parameter afterwards. The computation procedures of the proposed
are given as follows:

(1) Estimating the remolded yield stress of the mixtures o', A reference point (¢*=c/, e=gy) is

adopted as the initial state of the mixture.

(2) Itis assumed that the stress distribution in the mixture is uniform at the reference point (o,
&), i.e., o, =0, =oc'. The work done by previous researchers reveals that the undrained

shear stress of remolded sand-clay mixtures is approximately close to that of the clay matrix
(e.g., Stone and Kyambadde, 2012; Cabalar and Mustafa, 2015). This reveals that the stress

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

(3) For a given overall effective stress increment at the kth incremental step (do”)*, the current
local effective stress increment of the bentonite matrix is (doy)* = £ (do’)* (u** is the
incremental stress ratio at the kth incremental step).

(4) The overall strain and stress at the last incremental step are denoted as (¢)** and (g,,)"",

respectively. The overall and local stresses are updated as: (¢')* =(c")*" +(do")* ;
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(0,) =(3)" +(dop)".
(5) Compute the overall strain increment (de,,)" and the local strain increment of the bentonite

- d nk
matrix (de,,,)": (dey,)" :ﬁ; (d‘9bv24)k
24

__(dop)"

=——b=— (E,)""and (E,,)"" denote the
(Ep20)
overall and local stiffness at the last incremental step, refer to Eqgs (18) and (19).

(6) The overall strain and local strain of bentonite are updated as: (&)* =(&)** +(de)*;

(&) =(&,)" +(dg,)*. The current void ratios are calculated as
(&) =(L+e,)exp(—e)< —1; (&,)" = @+e,,)exp(~¢, ) -1 (23)

(7) The volume fraction of sand inclusions at the current incremental step (denoted as (¢,)*)
is updated using Egs (2) and (23).

(8) The overall creep parameter at the current incremental step (w)* is calculated according to
Eq. (17).

(9) The structure variable at the current step y* is computed according to Eq. (13) and the
updated volume fraction of sand inclusions. The stress incremental ratio at the current
incremental step 2 is then computed using Eq. (21).

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

Validation of the model

Following the numerical procedures listed above, the oedometer data of the sand-bentonite
mixtures is reproduced using the model parameters given in Table 1. Fig. 13 shows the
simulated compression curves of the mixtures in terms of the specific volume and the overall
effective stress. It is seen that the model can well reproduce the compression data with different
sand mass fractions and different initial water content of the bentonite matrix. Note that

different compression parameters are adopted for the different initial water content of the
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bentonite matrix, since the initial water content significantly affects the reference time line of
the pure bentonite. The evolution of the volume fraction of sand inclusions is shown in Fig. 14,
indicating an excellent consistence between the experimental data point and the model

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

which is shown in Fig.15 together with the experimental data. It is seen that some differences
arise between the model prediction and test data. This may be induced by the assumption of a
uniform stress distribution at the remolded yield stress. However, the differences vanish after
approaching an overall effective stress of 25 kPa. Finally, the local creep parameter is computed
using Eq. (16), and model prediction is shown in Fig. 16. The overall creep parameter is
calculated and is presented in Fig. 17 in terms of the overall creep parameter and the overall
effective stress. Comparison between the model prediction and experimental data reveals a

satisfactory performance of the proposed model.

Conclusions

The sand-bentonite mixtures show a considerable creep deformation. To analyze of the creep
behavior, a series of oedometer tests was performed on the binary mixtures, and an analytical
model was proposed for reproducing the laboratory data. The main conclusions of this study
are summarized as follows:

(1) Oedometer tests on sand-bentonite mixtures reveal that the reference time line
(corresponding to 24h of consolidation) is significantly affected by both the initial water
content and the sand mass fraction. However, the influence of initial water content of the
bentonite matrix on the overall creep behavior seems to be neglected.

(2) The local creep parameter with a sand mass fraction of 50% is approximately close to that
of the pure bentonite due to a relatively low volume fraction of sand inclusions. However,

the local creep parameter of the bentonite matrix decreases with the further increase of
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(3)

(4)

()

sand mass fraction (65% and 75%). This phenomenon is accompanied by increasing
inhomogeneity of the binary mixtures, and it can be explained by a formation of clay-
bridges between adjacent sand inclusions.

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

the mixtures, and a new structure variable 7 is defined as the ratio of the equivalent local

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

variable 7 can be approximated by the one for the inter-granular structure evolution y .

A model is proposed for the creep behavior of sand-bentonite mixtures. The overall creep
parameter depends on the volume fraction of sand and the structure parameter controlling
the inter-granular structure evolution of sand inclusions. The evolution of volume fraction
is computed based on the model for reference time line of the binary mixtures.

The proposed creep model has five parameters, four of them represent the intrinsic
behavior of the pure bentonite, and a structure parameter incorporating the inter-granular
structure effects. The parameters can be easily calibrated based on two conventional
oedometer tests. Comparison between the model prediction and test data reveals that the
model performance is satisfactory for reproducing the creep behavior of the sand-bentonite

mixtures.
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465

466 List of symbols

467 e Overall void ratio of sand-bentonite mixtures

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

469 e, Void ratio of bentonite matrix in sand-bentonite mixtures
470 e, The minimum void ratio of sand skeleton

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

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

473 h, Initial height of the test samples (sand-bentonite mixtures)
474 h Height of the test samples during loading process (sand-bentonite mixtures)
475 N, Overall specific volume on reference time lines of mixtures at a stress of 1.0 kPa

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

477 t, Equivalent creep time beyond 1440 mins at a given stress level
478 v Overall specific volume of sand-bentonite mixtures

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

480 v, Initial overall specific volume on reference time lines

481 v, Specific volume of bentonite matrix

482 v,,, Initial specific volume of bentonite matrix on reference time lines
483 V Volume of sand inclusions

484 V,  Volume of solid phase in bentonite matrix

485 V, Volume of fluid phase in bentonite matrix

486 W, Liquid limit of sand-bentonite mixtures
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a, () Intrinsic creep parameters of the pure bentonite

&g

Ep,24

Po

Ps

x>

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

Slope of the reference time line of sand-bentonite mixtures

Slope of the reference time line of bentonite matrix

Stress incremental ratio

Constant model parameter controlling the sensitivity of the structure parameter on the
sand volume fraction

Upper limit of the volume fraction of sand inclusions

Density of soil particles of bentonite matrix

Density of soil particles of sand inclusions

Overall stress in sand-bentonite mixtures

Stress in bentonite matrix in sand-bentonite mixtures

A unit reference stress of 1.0 kPa

Stress in sand inclusions in sand-bentonite mixtures

Remolded yield stress of sand-bentonite mixtures

Dry mass fraction of sand inclusions in sand-bentonite mixtures

Volume fraction of sand inclusions

Structure variable associated with the inter-granular structure evolution of the sand
inclusions
Structure variable defined as the ratio of the equivalent local creep parameter to the

actual value

Overall creep parameter of sand-bentonite mixtures
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Table 1: Initial state of the oedometer samples and parameters for the proposed model

*

Samples Who v O-)'/ oy B Np 2 Ay 24 g
(%) (%) (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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volume and the overall effective stress: (a) Series-1; (b) Series-2

Long term creep behaviour and the corresponding fitting curves (o’ =100 kPa): (a)
v=0%; (b) ©=50%; (c) L=65%; (d) L=75%

Relationship between creep parameter and stress level for remolded bentonite
Overall creep parameter for sand-bentonite mixtures with different sand fractions: (a)
Series-1; (b) Series-2

Overall creep parameter for sand-bentonite mixtures with different initial water
content of clay matrix: (a) ©=65%; (b) v=75%

Change of the local creep parameter with increasing stress level for sand-bentonite
mixtures: (a) Series-1; (b) Series-2

Change of the local strain with overall vertical effective stress of sand-bentonite

mixtures with different sand fractions: (a) Series-1; (b) Series-2

Figure 10. Schematic figure describing the formation of clay-bridges and partial contacts

between sand inclusions

Figure 11. Evolution of the structure variable with increasing volume fraction of sand

inclusion

A

Figure 12. Comparison between the creep structure variable # and the structure variable y



Figure 13. Comparison between the experimental data and the predicted compression curves:
(@) Series-1; (b) Series-2

Figure 14. Prediction of the volume fraction of sand using the proposed model: (a) Series-1;
(b) Series-2

Figure 15. Evolution of the structure parameter ¢ with increasing stress level (simulation): (a)
Series-1; (b) Series-2

Figure 16. Comparison between the model prediction of the local creep parameter and the
corresponding experimental values

Figure 17. Prediction of the overall creep parameter and its comparison with corresponding

experimental data: (a) Series-1; (b) Series-2





