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Bentonite-sand mixtures are widely used in engineering barrier of deep geological disposal of high-level
radioactive nuclear waste and anti-seepage barrier of civil geotechnical engineering. Under the action of
groundwater solution infiltration and external stress, the hydro-mechanical (HM) behaviour of bentonite-
sand mixtures, i.e. the swelling characteristics and permeability, will change. Once the anti-seepage and
filtration effect is weakened or lost, the pollutants will spread to the biosphere. Therefore, it is necessary to
study the swelling characteristics and permeability of bentonite-sand mixtures under coupled mechano-
chemical (MC) effect and to establish corresponding predictionmodel. For this reason, swelling tests under
salt solutionwith different concentrations are conducted on pure bentonite and its mixtureswith 30%, 70%
and 90% sand contents, the compression tests are carried out on saturated samples, and the saturated
permeability coefficient k of the sample under each load is calculated by Terzaghi’s one-dimensional
consolidation theory. The concepts of true effective stress pe, montmorillonite void ratio em and critical
sand content as are introduced to determine the em-pe relationship and finally the k-em relationship of
bentonite-sand mixtures. It is found that when the sand content a � as, the em-pe relationship of the
mixture is linear and independent of the salt solution concentration, and when a > as, the em-pe rela-
tionship of bentonite-sand mixture is bi-linear with the true effective deviatoric stress pesa as the inter-
section. In addition, the em-k relationship also shows the linear trendwhen a� as, and the slope of the line
increases with the increase of the salt solution concentration. When a > as, the k-em relationship will
deviate fromthe linear relationship.Moreover, the larger the sand content is, the farther the deviation is. On
the basis of summing the regularity, a model for predicting the HM behaviour of bentonite-sand mixture
under the coupled MC effect is proposed. By comparing the swelling and permeability test results with
model prediction results of different types of bentonite and its sand mixtures, the predictive model is
verified. The study on theHMbehaviour of bentonite-sandmixtures under salt solution infiltration and the
model establishment can provide experimental and theoretical basis for the design and construction of
anti-seepage engineering by bentonite-sand mixtures.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Bentonite is an ideal material in the artificial engineering barrier
for deep geological disposal of high-level radioactive nuclear waste
(HLW), landfills and cultural relic protection, due to its high
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expansibility, low permeability and excellent adsorption capacity (Ye
et al., 2010; Shackelford et al., 2010). As the engineering barrier in
HLWrepository, different countries suggested differentmixing ratios
between bentonite and sand for buffer/backfillmaterials, considering
the anti-seepage performance, storage capacity and economic bene-
fits. For example, Sweden adopted pure bentonite (SKB, 2010); China
adopted pure Gaomiaozi bentonite (Wang, 2010; Wang et al., 2018);
Canada recommended 50% bentonite and 50% sand as buffer/backfill
material (AECL,1994); CzechRepublic usedmixture of Rokle calcium-
based bentonite, sand and graphite with a dry mass ratio of 85:10:5
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(Pacovsky et al., 2007); and Japan planned to use mixture of 70%
bentonite and 30% sand as the buffer material and 30% bentonite and
70% sand as the backfill material (JNC,1999). In anti-seepage barriers
in geotechnical engineering structures, such as landfills, the hori-
zontal impervious layer isusuallycomposedofpurebentoniteand the
vertical cutoff wall adopts bentonite enhancedmaterials (Evans et al.,
2008; Fan et al., 2014), about 4%e12% bentonite content, which can
meet the US Environmental Protection Agency (EPA) regulations on
the permeability (Alawaji, 1999).

vCompared to pure bentonite, bentonite-sand mixtures have the
higher strength and thermal conductivity. However, the mixture
shows the lower swelling characteristics, which affects its sealing
performance (Mollins et al., 1996; Karnland et al., 2008). At the same
time, the swelling characteristics and permeability of the mixture
will be influenced by the other factors, such as temperature (Shirazi
et al., 2010; Cui et al., 2018), sand grain size (Sivapullaiah et al., 2000;
Shirazi et al., 2010;Monkul and Yamamuro, 2011; Cabalar andHasan,
2013; Srikanth and Mishra, 2016; Wang et al., 2021), and the salt in
groundwater (Komine et al., 2009; Sun et al., 2015a). It is indicated
that the salt content in the groundwater near the coastal nuclear
waste repository and landfill site is higher (Komine et al., 2009; Fan
et al., 2014).Moreover, the groundwater in inland regions is also very
salty due to transpiration. China’s nuclear waste geological re-
pository is located in Beishan, Gansu Province (Wang, 2010; Wang
et al., 2018), where the groundwater salt concentration is relatively
high (Sun et al., 2015a).

Under external stress and the infiltration of groundwater, the
hydro-mechanical (HM) behaviour, i.e. the swelling characteristics
and permeability of bentonite-sandmixture, will change, which are
the important basis for evaluating the long-term anti-seepage per-
formance of engineering barriers. Once its anti-seepage and filtra-
tion capacity is weakened or lost, the pollutants will accelerate the
spread to the biosphere. Therefore, it is necessary to study the
swelling characteristics and saturated permeability of bentonite-
sand mixture under coupled mechano-chemical (MC) effect.

In addition, due to extremely low permeability of bentonite, it
takes a long time to determine the swelling characteristics and
permeability of bentonite-sand mixture through experiments, and
many factors such as mixing ratio, salt type and concentration of
groundwater must be considered. Therefore, in order to meet the
needs the requirements of design and evaluation of impervious
barrier for bentonite-sand mixtures, it is urgent to propose a model
for predicting the HM behaviour of bentonite-sand mixtures under
coupled MC effect.

At present, many scholars have studied the swelling character-
istics and permeability of different types of bentonite and its sand
mixtures, for example, FEBEX bentonite (Villar and Lloret, 2008),
Kunigel V1 sodium bentonite (Komine and Ogata, 1994; Komine,
2004; Sun et al., 2009), Calcigel calcium bentonite (Agus and
Schanz, 2008), MX80 bentonite (Wang et al., 2012), and Gao-
miaozi sodium bentonite (Ye et al., 2010; Sun et al., 2013). The
above swelling and permeability experiments were carried out
with distilled or deionized water to avoid ion exchange between
the solution and bentonite. However, when infiltrated by salt so-
lution, the physico-chemical properties of bentonite are different
with those under distilled or deionized water, leading to the
changes in swelling and anti-seepage capacities (Zhang et al.,
2012a; Zhu et al., 2013). The weakening effect of chemical
composition in solution on swelling potential of bentonite is related
to the chemical environment of the solution, the properties of
bentonite, the external stress conditions, etc. (Alawaji, 1999;
Castellanos et al., 2008; Herbert et al., 2008; Komine et al., 2009).
Moreover, the main factors affecting the permeability coefficient of
bentonite include the aggregate size, the montmorillonite content,
the adsorption layer thickness, the hydration conditions, the void
ratio, the type and concentration of the solution, the dielectric
dispersion of soils, etc. (Petrov et al., 1997; Thevanayagam and
Nesarajah, 1998; Komine et al., 2009).

In terms of swelling prediction model, the montmorillonite
swelling volumetric strain (Komine and Ogata, 2004), the montmo-
rillonite void ratio (Sun et al., 2009; 2015b, 2017), and the effective
clay density (Zhang et al., 2012b) were adopted in the swelling pre-
diction of bentonite-sand mixtures. The above prediction methods
did not consider the effect of salt solution on swelling. Sun et al.
(2015a) proposed swelling prediction model of bentonite saturated
by different total dissolved solid (TDS) solutions using the montmo-
rillonite void ratio. In termsof permeability predictionmodel, Sällfors
and Öberg-Högsta (2002) and Komine (2008) predicted the perme-
ability of bentonite-sand mixture with different sand contents,
without considering the effect of salt solution. Katsumi et al. (2008)
established the relationship between the free expansion rate and
the saturated permeability coefficient of pure bentonite at lower dry
density saturated under salt solutions with different concentrations
and types. Tripathi (2013) predicted the permeability coefficients of
different types of bentonite and its sandmixtures under the action of
salt solution. A model proposed by Guimaraes et al. (2013) can
simulate the saturated permeability of bentonite under different MC
loading paths, based on the existing double-layer structure model,
and considering the effects of ion content and cation exchange on the
microstructure of expansive soils.

The above models predicted the swelling characteristics and
permeability respectively. However, the permeability of bentonite-
inclusive mixture is connected with its swelling characteristics, i.e.
the saturated permeability coefficient is related to the soil defor-
mation, which is caused by the external stress. Therefore, the
relationship among external stress, deformation and permeability
coefficient is closely related. A model should be established to
predict the swelling and saturated permeability of bentonite-sand
mixture under pure water or salt solution infiltration.

Therefore, we need to establish a model on the basis of the
swelling and permeability characteristics of bentonite-sand mix-
tures with different sand contents under the action of salt solution,
which can comprehensively reflect the hydro-mechano-chemical
(HMC) behaviour of bentonite-sand mixtures.

In this paper, the swelling tests on pure bentonite and its sand
mixtures with 30%, 70% and 90% sand contents under salt solutions
with different concentrations are conducted, and then the compres-
sion tests on saturated samples are carried out. The saturated
permeability coefficient k at each load is calculated by Terzaghi’s one-
dimensional (1D) consolidation theory. Then, the em-pe relationship
and the em-k relationship of bentonite-sandmixtures are determined
by introducing the concepts of true effective stress pe, montmoril-
lonite void ratio em and critical sand content as, and the deformation
characteristics and saturated permeability of bentonite-sand mix-
tures under salt solution infiltration are obtained. Finally, a model for
predicting the HM behaviour of bentonite-sand mixtures under
coupledMC effect is proposed and verified. Through themodel, once
given the values of the external stress and the salt solution concen-
tration, the deformation and saturated permeability coefficient of
bentonite-sand mixtures can be deduced. Meanwhile, the type of
bentonite and the sand content can also be determined according to
the environmental salt concentration, the vertical stress and the anti-
seepage requirements allowed by local regulations.

2. Tests and results

2.1. Materials and testing method

Sodium modified calcium bentonite in geosynthetic clay liner
(GCL) bentonite and Fujian standard sand were used for tests.



Table 1
Mineral composition of GCL bentonite.

Component Content (%)

Montmorillonite 45.8
Clinoptilolite 22.8
Feldspar 18.6
Calcite 4.4
Quartz 4.1

Table 2
Geotechnical properties of GCL bentonite and Fujian standard sand.

Material Property Value

Bentonite Specific gravity, Gsb 2.71
Liquid limit, wL (%) 153.4
Plastic limit, wp (%) 26.8
Plastic index, IP (%) 126.6
Swelling index, ds (mL/(2 g)) 25
Cation exchange capacity (cmol/kg) 50.7

Fujian standard sand Specific gravity, Gss 2.65
Maximum dry density, rdmax (g/cm3) 1.98
Minimum dry density, rdmin (g/cm3) 1.35
Average particle size, D50 (mm) 0.34
Non-uniform coefficient, Cu 1.97
Compression index, Cc 0.08
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Table 1 shows the main mineral compositions of bentonite, deter-
mined by X-ray diffraction analyses. The main mineral component
of the bentonite is montmorillonite with content of 45.8%, and
associated minerals are some clinoptilolite, feldspar, calcite, quartz,
etc. The geotechnical properties of GCL bentonite and Fujian stan-
dard sand are presented in Table 2.

Bentonite and sand were mixed by weight ratio of 10:90, 30:70,
70:30 and 100:0, respectively. As previously mentioned, bentonite-
sand mixture with different sand contents is used as buffer/backfill
material or anti-seepage barrier in practical engineering. Therefore,
bentonite-sand mixtures with 10% (Alawaji, 1999), 30% and 70%
(JNC, 1999) bentonite content and pure bentonite (Wang, 2010)
were selected. The ratio range is wide coverage to determine the
HMC behaviour of bentonite-sand mixtures.
Fig. 1. Test apparatus and prepared samples: (a) Oedometer; (b) Sampling devi
The compressed samples with the dry density of 1.5 g/cm3 and
the initial water content of 15% were prepared. The test apparatus
and theprepared samples arepresented in Fig.1,whereFig.1a shows
the photo of oedometer; Fig. 1b shows the sampling device, i.e. the
mixed soil specimens are placed in a sampler and compactedwith a
jack to prepare compacted sampleswith a diameter of 6.18 cm and a
height of 2 cm; and Fig. 1c shows the four representative samples of
bentonite-sand mixtures with sand content a of 0%, 30%, 70% and
90% in sequence. NaCl solution with different concentrations was
prepared at 0 mol/L, 0.1 mol/L, 0.5 mol/L and 1 mol/L, using NaCl
(analytical reagent) and deionized water in the tests.

In engineering practice, the swelling of bentonite-sandmixtures
can be considered as a 1D expansion or swell under constant stress.
Gens and Alonso (1992) put forward three common swelling test
methods: constant volume loading, loading after wetting, and
swelling under load. Among them, the second swelling test
method-loading after wetting was adopted more often (Komine
et al., 2009; Sun et al., 2009, 2015a; Shirazi et al., 2010; Ye et al.,
2014). Moreover, the second method can not only obtain the
swelling characteristics, but also determine the permeability ac-
cording to the indirect method derived from consolidation theory.
Therefore, the second swelling test method was used.

First, under the vertical stressof 25kPa, the swellingdeformation
tests on the mixtures saturated by the NaCl solutions with different
concentrations were carried out. After the completion of swelling
deformation test, a series of compression tests on saturated samples
was conducted in accordancewithASTMD2435/D2435M-11 (1995).
From the above tests, the swelling deformation under constant
vertical stress and compression curves of bentonite-sand mixtures
with different sand contents can be obtained.

Sun et al. (2015b) presented that there is a state curve between
the final void ratio and the vertical stress after full saturation for
bentonite-sandmixtures with a specified sand content, and verified
by different types of bentonite that the final saturated state of
bentonite-sand mixture all fell on the final saturated log10e-log10sv
relationship under any vertical pressure. Therefore, no matter how
large the stress is, or in other words, if the stress changes, not under
25 kPa, the final e-sv relationship after full wetting will still fall on
the specific state curve.
ce; and (c) Bentonite-sand mixed samples with a ¼ 0%, 30%, 70% and 90%.



Table 3
Plans for swelling and compression test.

No. a (%) m (mol/L) rd0 (g/cm3) w0 (%) e0 ef Loading path

1 0 0 1.5 15 0.947 1.567 Swelling tests under
25 kPa; Compression
tests under 25 kPa,
50 kPa, 100 kPa,
200 kPa, 300 kPa,
400 kPa, 600 kPa,
800 kPa, 1200 kPa
and 1600 kPa

2 0 0.1 1.5 15 0.939 1.497
3 0 0.5 1.5 15 0.942 1.385
4 0 1 1.5 15 0.941 1.337
5 30 0 1.5 15 0.93 1.204
6 30 0.1 1.5 15 0.921 1.152
7 30 0.5 1.5 15 0.919 1.148
8 30 1 1.5 15 0.918 1.091
9 70 0 1.5 15 0.787 0.714
10 70 0.1 1.5 15 0.78 0.779
11 70 0.5 1.5 15 0.783 0.788
12 70 1 1.5 15 0.791 0.771
13 90 0 1.5 15 0.788 0.748
14 90 0.1 1.5 15 0.781 0.696
15 90 0.5 1.5 15 0.789 0.743
16 90 1 1.5 15 0.79 0.74
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Because of the low permeability of bentonite, it is difficult to
measure the saturated permeability coefficient by conventional
variable head permeability test method. Therefore, the saturated
permeability coefficient was calculated using the indirect method
derived from Terzaghi’s 1D consolidation theory. Shirazi et al. (2010)
performed a series of laboratory experiment on saturated bentonite-
sand mixture prepared by distilled water, to investigate the
permeability coefficient using direct permeability test by falling head
method and indirect test methods derived from the consolidation
theory. Sun et al. (2014) conducted a series of compression tests on
saturated bentonite prepared by deionized water, and obtained the
Fig. 2. Swelling and compression test results of bentonite-sand mixture infiltrated by salt
experiment.
calculated saturated permeability coefficient using the indirect
method derived from Terzaghi’s 1D consolidation theory.

In this indirect method, the time, t90, corresponding to 90%
primary consolidation, was firstly estimated from the time-
deformation curve from square root of time method (ASTM
D2435/D2435M-11, 1995), i.e. the deformation readings, d, versus
the square root of time (normally in minutes) for each increment of
load. Then, the vertical consolidation coefficient cv under each load

was calculated through the formula: cv ¼ 0.848 h
2
=t90, where cv is

the vertical consolidation coefficient (cm2/s), h is the average
drainage path length and equal to half the average of initial height
and final height at one vertical stress (cm). Finally, the saturated
permeability coefficient can be calculated according to Terzaghi’s
1D consolidation theory, i.e. k ¼ cvmvgw, where k is the perme-
ability coefficient (cm/s); mv is the coefficient of volume
compressibility (m2/kN); gw is the unit weight of water, and
gw ¼ 9.8 kN/m3. Subsequently, the permeability characteristics of
saturated bentonite-sand mixture can be obtained.

Table 3 shows the test plans, including sand content a, salt so-
lution concentrationm, samples’ initial state (initial dry density rd0,
water contentw0 and void ratio e0), final void ratio ef, vertical stress
sv during water uptake, and loading paths in the compression tests.
2.2. Test results

2.2.1. Deformation of bentonite-sand mixtures infiltrated by salt
solution

Fig. 2 shows the swelling deformation of pure bentonite and
bentonite-sand mixtures with 30%, 70% and 90% sand contents
solution: (a) a ¼ 0%, (b) a ¼ 30%, (c) a ¼ 70%, and (d) a ¼ 90%. Exp stands for the



Table 4
Compression data of bentonite-sand mixtures after full swelling.

No. a
(%)

m
(mol/
L)

rd0 (g/
cm3)

w0

(%)
e

sv ¼ 25 kPa sv ¼ 50 kPa sv ¼ 100 kPa sv ¼ 200 kPa sv ¼ 300 kPa sv ¼ 400 kPa sv ¼ 600 kPa sv ¼ 800 kPa sv ¼ 1200 kPa sv ¼ 1600 kPa

1 0 0 1.5 15 1.567 1.582 1.496 1.368 1.284 1.218 1.136 1.079 1.061 0.689
2 0 0.1 1.5 15 1.497 1.474 1.393 1.269 1.192 1.132 1.055 1.002 0.932 0.886
3 0 0.5 1.5 15 1.385 1.371 1.318 1.216 1.151 1.107 1.036 0.989 0.929 0.878
4 0 1 1.5 15 1.337 1.325 1.282 1.192 1.133 1.092 1.022 0.979 0.916 0.87
5 30 0 1.5 15 1.204 1.179 1.112 1.007 0.946 0.903 0.831 0.784 0.714 0.67
6 30 0.1 1.5 15 1.152 1.140 1.071 0.968 0.91 0.868 0.798 0.754 0.688 0.649
7 30 0.5 1.5 15 1.148 1.131 1.066 0.972 0.917 0.877 0.809 0.768 0.705 0.665
8 30 1 1.5 15 1.091 1.075 1.012 0.921 0.867 0.829 0.758 0.715 0.649 0.608
9 70 0 1.5 15 0.714 0.704 0.682 0.647 0.623 0.599 0.549 0.521 0.476 0.446
10 70 0.1 1.5 15 0.779 0.767 0.746 0.708 0.678 0.651 0.601 0.573 0.528 0.5
11 70 0.5 1.5 15 0.788 0.777 0.758 0.72 0.672 0.64 0.592 0.562 0.519 0.491
12 70 1 1.5 15 0.771 0.765 0.751 0.727 0.694 0.662 0.611 0.581 0.539 0.509
13 90 0 1.5 15 0.748 0.744 0.734 0.723 0.717 0.711 0.702 0.697 0.687 0.677
14 90 0.1 1.5 15 0.696 0.689 0.677 0.664 0.657 0.65 0.641 0.633 0.619 0.609
15 90 0.5 1.5 15 0.743 0.739 0.728 0.718 0.711 0.707 0.699 0.692 0.683 0.674
16 90 1 1.5 15 0.74 0.732 0.72 0.709 0.703 0.697 0.69 0.685 0.676 0.668

Fig. 3. log10em-log10pe relationship of bentonite-sand mixtures with different sand
contents saturated by salt solution with different concentrations.
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infiltrated by salt solution with different concentrations under
constant stress of 25 kPa, and the compression curve (e-log10sv)
of the samples after fully saturated. It can be seen that the
swelling of bentonite-sand mixtures decreases with the increase
of sand content and with the increase of salt solution concen-
tration: the void ratio of pure bentonite and bentonite-sand
mixture with 30% sand content increases after fully saturated by
salt solution, and the increase of void ratio decreases gradually
with the increase of solution concentration; when the sand con-
tent is 70% and 90%, the swelling of mixture does not even occur
due to wetting under vertical stress of 25 kPa, and the e-log10sv
curves of the mixture infiltrated by salt solution with different
concentrations basically coincide, indicating that when the sand
content is large, the solution concentration has no obvious effect
on the deformation of bentonite-sand mixtures. The compression
data of bentonite-sand mixtures after full swelling are shown in
Table 4.

Sun et al. (2009) observed that the log10em-log10sv relationship
of bentonite-sandmixtures saturated by distilled water presented a
unique linear relationship when the sand content is less than the
critical sand content. The montmorillonite void ratio em is the ratio
of the liquid volume Vw at full saturation to montmorillonite vol-
ume Vm, which characterizes the liquid mass absorbed by mont-
morillonite per unit volume after fully saturated. The critical sand
content as is defined as the sand content that a sand skeleton will
not be formed in the bentonite-sand mixture under any external
stress. The montmorillonite void ratio em and critical sand content
as are expressed as follows (Sun et al., 2017):

em ¼ Vw

Vm
¼ erm

rð1� aÞb (1)

as ¼
brs þ ð1�bÞrmrs

rnm

esmaxrm þ brs þ ð1�bÞrmrs
rnm

(2)

where e is the void ratio at full saturation; b is the montmorillonite
content in bentonite; r, rm, rnm and rs are the densities of mixtures,
montmorillonite, non-montmorillonite and sand, respectively; and
esmax is the maximum sand void ratio, and can be obtained through
the maximum void ratio test.

When considering the effect of salt solution on HM behaviour
of bentonite, the concept of true effective stress in Rao et al.
(2017) is adopted. The stress on bentonite under salt solution
infiltration is called the true effective stress pe, and can be
expressed as

pe ¼ ðsv � uwÞ þ ð1�aÞpp (3)

where uw is the pore water pressure, and it equals 0 for the satu-
rated sample in the steady state; pp is the osmotic stress, which is
significantly dependent on the equilibrium solution’s concentra-
tion and the surface fixed charge density (Wei, 2014; Xu et al.,
2014).

Fig. 3 shows the log10em-log10pe relationship of bentonite-sand
mixtures with different sand contents saturated by salt solutions
with different concentrations. It can be seen from Fig. 3 that the
deformation data of pure bentonite and themixtures with 30% sand
content are normalized with respect to sand content and salt so-
lution concentration using log10em-log10pe plot, and presents a
linear relationship. The deformation data of the bentonite-sand
mixture with 70% or 90% sand content can also be normalized
with respect to salt solution concentration. In addition, for the
bentonite-sand mixture with 70% or 90% sand content, when the
true effective stress is greater than a certain value, the relationship



Fig. 4. log10k-log10e relationship of bentonite-sand mixtures: (a) m ¼ 0 mol/L, (b) m ¼ 0.1 mol/L, (c) m ¼ 0.5 mol/L, and (d) m ¼ 1 mol/L.
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between the montmorillonite void ratio and true effective stress
deviates from the above-mentioned log10em-log10pe linear rela-
tionship. The deviation is mainly due to the formation of sand
skeleton. The critical content as is used to judge when the sand
skeleton is formed (Sun et al., 2009). The above conclusions are
similar to those obtained by Sun et al. (2015b, 2017). The crucial
distinction is that the x-coordinate is the true effective stress
instead of the effective stress.

2.2.2. Permeability of bentonite-sand mixtures saturated by salt
solution

Fig. 4 shows the log10k-log10e relationship of bentonite-sand
mixtures with different sand contents after saturated by deion-
ized water or salt solution with different concentrations
(m ¼ 0 mol/L, 0.1 mol/L, 0.5 mol/L and 1 mol/L). The data of
permeability coefficient of the mixture calculated by indirect
method derived from consolidation theory are shown in Table 5. It
can be seen that k increases approximately linearly with the in-
crease of e for the mixture with a constant sand content; when the
void ratio is the same, the higher the sand content is, the greater the
permeability coefficient is. Shirazi et al. (2010) investigated the
permeability coefficient using direct and indirect test methods
derived from consolidation theory. Sun et al. (2014) conducted a
series of compression tests on saturated bentonite prepared by
deionized water, and obtained the calculated permeability coeffi-
cient. The relationship between permeability coefficient and void
ratio obtained by Shirazi et al. (2010) and Sun et al. (2014) shows
consistency with the log10k-log10e relationship in Fig. 4a.

Fig. 5 presents the log10k-log10em relationship of bentonite-sand
mixtures. It is observed that for pure bentonite and bentonite-sand
mixture with 30% sand content infiltrated by the salt solution with
the same concentration, em is linearly correlated with k in the
double logarithmic coordinates. The deviation occurs when the
sand content is 70% and is more obvious at sand content of 90%.

Four groups of the log10k-log10em relationship of bentonite-sand
mixtures saturated by salt solutions with different concentrations
are shown in Fig. 5. The log10k-log10em relationship of pure
bentonite and bentonite-sand mixtures with 30% sand content is
linear in Fig. 5. The critical sand content for the studied bentonite-
sand mixture is 46.6% according to Eq. (2). It can be observed that
the log10k-log10em data of mixtures with a > as, such as 70% and
90%, deviated from the linear relationship of pure bentonite and
30% sand content, and for this kind of bentonite with the mont-
morillonite content of 45.8%, the k-em relationship of mixtures with
70% or 90% sand content (a > as) is not closely tied with the salt
solution concentration.

Four groups in Fig. 5 are organized in one log10k-log10em dia-
gram, as shown in Fig. 6. It can be observed that the k-em rela-
tionship of mixtures with 70% or 90% sand content (a > as) is not
closely tied with the salt solution concentration.

For pure bentonite and bentonite-sand mixture with 30% sand
content, due to the sand content is less than as, the em-k relation-
ship is obviously affected by the salt solution concentration, as
shown in Fig. 7. It can be observed that in the double logarithmic
coordinates, the k-em relationship for bentonite-sand mixtures
saturated with sand content less than as by salt solutions of same
concentrations is linear, and with increase in the salt solution
concentration, the slope of em-k linear relationship of saturated
samples with sand content less than as increases gradually, and the
permeability coefficient of bentonite-sand mixture also increases.
The reason for this phenomenon is that under the action of salt
solution, the thickness of double-electric layer of bentonite de-
creases (Rao and Mathew, 1995), and the double-electric layer
thickness decreases with the increase of salt solution



Table 5
Permeability coefficient calculated by indirect method derived from consolidation theory.

No. a (%) m (mol/L) rd0 (g/cm3) w0 (%) k (cm/s)

sv ¼ 100 kPa sv ¼ 200 kPa sv ¼ 300 kPa sv ¼ 400 kPa sv ¼ 600 kPa sv ¼ 800 kPa sv ¼ 1200 kPa sv ¼ 1600 kPa

1 0 0 1.5 15 2.16 � 10�9 1.23 � 10�9 5.37 � 10�10 3.07 � 10�10 2.04 � 10�10

2 0 0.1 1.5 15 5.64 � 10�9 2.91 � 10�9 1.38 � 10�9 7.00 � 10�10 4.04 � 10�10 2.29 � 10�10 1.38 � 10�10

3 0 0.5 1.5 15 1.03 � 10�8 7.10 � 10�9 3.22 � 10�9 1.48 � 10�9 7.10 � 10�10 4.52 � 10�10 2.26 � 10�10 1.46 � 10�10

4 0 1 1.5 15 2.62 � 10�8 1.20 � 10�8 4.56 � 10�9 1.60 � 10�9 1.30 � 10�9 4.93 � 10�10 3.58 � 10�10 2.87 � 10�10

5 30 0 1.5 15 9.64 � 10�9 5.64 � 10�8 3.19 � 10�9 1.25 � 10�9 1.19 � 10�9 4.63 � 10�10 2.26 � 10�10 1.78 � 10�10

6 30 0.1 1.5 15 2.13 � 10�8 1.19 � 10�8 3.51 � 10�9 1.79 � 10�9 1.37 � 10�9 6.93 � 10�10 2.82 � 10�10 2.28 � 10�10

7 30 0.5 1.5 15 6.48 � 10�8 1.99 � 10�8 9.21 � 10�9 4.51 � 10�9 3.72 � 10�9 1.26 � 10�9 7.17 � 10�10 3.92 � 10�10

8 30 1 1.5 15 1.04 � 10�7 2.37 � 10�8 1.70 � 10�8 3.12 � 10�9 1.86 � 10�9 1.10 � 10�9 4.86 � 10�10 2.14 � 10�10

9 70 0 1.5 15 4.70 � 10�8 3.35 � 10�8 1.11 � 10�8 3.82 � 10�8 1.86 � 10�8 6.01 � 10�9 2.88 � 10�9 1.77 � 10�9

10 70 0.1 1.5 15 1.56 � 10�7 8.44 � 10�8 1.86 � 10�8 9.97 � 10�9 2.53 � 10�8 1.40 � 10�8 8.33 � 10�9 2.61 � 10�9

11 70 0.5 1.5 15 1.76 � 10�7 7.27 � 10�8 9.19 � 10�8 8.28 � 10�9 2.00 � 10�8 3.71 � 10�9 1.04 � 10�8 2.94 � 10�9

12 70 1 1.5 15 4.90 � 10�8 3.66 � 10�8 3.25 � 10�8 1.24 � 10�8 3.23 � 10�8 6.72 � 10�9 9.27 � 10�9 3.86 � 10�9

13 90 0 1.5 15 6.55 � 10�7 5.60 � 10�7 5.30 � 10�7 4.88 � 10�7 4.16 � 10�7 3.91 � 10�7 3.34 � 10�7 3.24 � 10�7

14 90 0.1 1.5 15 2.72 � 10�7 2.22 � 10�7 1.91 � 10�7 1.81 � 10�7 1.35 � 10�7 1.10 � 10�7 1.17 � 10�7 9.13 � 10�8

15 90 0.5 1.5 15 5.68 � 10�7 4.51 � 10�7 3.58 � 10�7 3.95 � 10�7 4.44 � 10�7 3.85 � 10�7 3.10 � 10�7 2.78 � 10�7

16 90 1 1.5 15 4.11 � 10�7 2.21 � 10�7 2.82 � 10�7 3.75 � 10�7 2.67 � 10�7 2.74 � 10�7 2.46 � 10�7 2.18 � 10�7
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concentration, the colloid structure of bentonite collapses, the flow
channel among soil particles increases, and finally the permeability
of bentonite-sand mixtures increases.

2.3. Test results of deformation and permeability in the literature

2.3.1. Deformation
Karnland et al. (2008) studied the swelling deformation of pure

MX80 bentonite and its mixture with 30% sand content saturated
by salt solution with different concentrations. The deformation
data are reorganized by the montmorillonite void ratio em and true
Fig. 5. log10k-log10em relationship of bentonite-sand mixtures saturated by salt solutions wit
m ¼ 1 mol/L.
effective stress pe, as shown in Fig. 8. It can be observed that the
relationship between em and pe of bentonite-sand mixtures with
a ¼ 0% and 30%, less than as ¼ 49.3%, is linear in the double loga-
rithmic coordinates.

Mollins et al. (1996) and Studds et al. (1998) carried out the
swelling deformation tests on Wyoming bentonite-sand mixtures
with different sand contents infiltrated by distilled water and salt
solutions with different concentrations, respectively. The defor-
mation data of Mollins et al. (1996) and Studds et al. (1998) are
reorganized by em and pe relationship, as shown in Fig. 9. The em-pe
relationship of pure Wyoming bentonite shows the linear
h different concentrations: (a)m ¼ 0 mol/L, (b)m ¼ 0.1 mol/L, (c)m ¼ 0.5 mol/L, and (d)



Fig. 6. log10k-log10em relationship of bentonite-sand mixtures.

Fig. 7. log10k-log10em relationship of bentonite-sand mixtures (a � as) saturated by salt
solution with different concentrations.

Fig. 8. log10em-log10pe relationship of MX80 bentonite-sand mixtures with a � as
infiltrated by salt solution.

Fig. 9. log10em-log10pe relationship of Wyoming bentonite-sand mixtures infiltrated by
distilled water or salt solution: (a) Data from Mollins et al. (1996), and (b) Data from
Studds et al. (1998).
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correlation, and the deviation occurs when the sand contents are
80%, 90% and 95%. From Fig. 9b, it can also be found that the effect of
salt solution concentration on the swelling deformation of the
mixtures with different sand contents can be negligible.
2.3.2. Permeability
Ye et al. (2014) measured the saturated permeability coefficient

of pure GMZ01 bentonite infiltrated by salt solution with different
concentrations. Fig. 10 shows the log10k-log10em relationship. It can
be seen that the log10k-log10em relationship of GMZ01 bentonite
infiltrated by salt solution with different concentrations is linear,
and the slope of the log10k-log10em relation line increases with
increasing salt solution concentration. Moreover, the log10k-log10em
relation lines of GMZ01 bentonite infiltrated by salt solution with
different concentrations intersect at the same point.

Studds et al. (1998) conducted the permeability tests for pure
Wyoming bentonite and its mixture with the sand contents of 80%
and 90% infiltrated by distilled water and 0.1 mol/L salt solution.
Fig. 11 shows the log10k-log10em relationship. It can be observed
that the log10k-log10em relationship of pure bentonite infiltrated by
distilled water or 0.1 mol/L salt solution is linear. The latter has a
higher slope than the former, and the two lines intersect at one
point, which is consistent with the rules shown in Fig. 10. When the
sand content is 80% or 90%, the log10k-log10em relationship deviates
from the log10k-log10em line of pure bentonite, and the greater the
sand content is, the more obvious the deviation is. Moreover, the
log10k-log10em relationship after the deviation presents the roughly
bi-linear relation. At the first stage, the slope of log10k-log10em



Fig. 10. log10k-log10em relationship of GMZ01 bentonite saturated by salt solution with
different concentrations.

Fig. 11. log10k-log10em relationship of Wyoming bentonite and its sand mixture
(a > as).

Fig. 12. Deformation prediction model of bentonite-sand mixtures under salt solution
infiltration (a2 > a1 > as): (a) log10em-log10pe, and (b) pem-pe.
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relation line increases with increasing sand content. At the second
stage, the slope of log10k-log10em relation line is almost the same as
that of pure bentonite infiltrated by the salt solution with the same
concentration. The log10k-log10em relation lines of the mixtures
with 80% or 90% sand content infiltrated by salt solution with
different concentrations do not coincide with each other, which is
different with the log10k-log10em relationship of the mixtures with
a > as, as shown in Fig. 6. The reason may be related to the higher
montmorillonite content of Wyoming bentonite of about 80%.

To sum up, the log10em-log10pe and log10k-log10em relationships
can reflect the deformation and permeability respectively of
different types of bentonite and its sand mixture infiltrated by the
salt solution with different concentrations. Therefore, according to
above experimental rules, the model for predicting the HM
behaviour of bentonite-sand mixtures under coupled MC effect can
be established.
3. HM behaviour prediction model of bentonite-sand mixture
under salt solution infiltration

3.1. Swelling prediction model

Based on the above swelling characteristics analysis, it is known
that the em-pe relationship of bentonite-sandmixtures saturated by
salt solution can be normalized with respect to salt solution con-
centration. Therefore, the swelling prediction model of bentonite-
sand mixture in a full range of sand content under the salt solu-
tion infiltration is shown in Fig. 12, in which pem is defined as the
true effective stress borne by montmorillonite alone.

It displays similar to the swelling predictionmodel of bentonite-
sand mixture infiltrated by distilled water (Sun et al., 2015b, 2017),
with the main difference of abscissa of the true effective stress
instead of the effective stress, considering the effect of salt solution
concentration. Specifically, in the swelling prediction model of
bentonite-sand mixture infiltrated by salt solution, when the sand
content a is less than or equal to the critical sand content as, the
sand skeletonwill not be formed, and the unique linear relationship
of em-pe with the slope of b0 in a double logarithmic em-pe co-
ordinates will be consistently satisfied, which can be expressed as
follows:

log10em ¼ a0 � b0log10pe (4)

where a0 and b0 are the material parameters varying with types of
bentonite, and can be determined by the two swelling tests on pure
bentonite samples under any vertical stress.

Moreover, a sand skeleton will not form at this time, and
therefore the true effective vertical stress is borne by montmoril-
lonite alone, i.e. pem ¼ pe, and the stress distribution ratio l ¼ 1;
when pe is larger than the true effective deviatoric stress pesa, pem is



Fig. 13. Permeability prediction model due to salt solution concentration variation of
bentonite-sand mixture with a � as.
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assumed to increase linearly with pe and the slope is l, as shown in
Fig. 12b.

When a is greater than as, taking the mixture with a sand
content a ¼ a1 as an example, the em-pe relation of bentonite-sand
mixture deviates from the unique linear em-pe relationship, and
presents a bi-linear relation with pesa as the intersection. The
phenomena of deviation shown in Fig. 12a can be attributed to the
formation of a sand skeleton in bentoniteesand mixtures.

According to the test results, a sand skeletonwill formwhen the
void ratio of sand in themixture is equal to themaximum sand void
ratio esmax (Sun et al., 2009). Meanwhile, sand particles just make
contact in mixtures when the vertical true effective stress equals
pesa, and at this time the montmorillonite void ratio equals emsa, as
shown in Fig. 12a. Moreover, emsa and pesa were satisfied with the
linear em-pe relationship, as shown in Eq. (4), and therefore, the
true effective deviatoric stress pesa can be expressed as follows:

log 10
pesa
pa

¼ 1
b0

�
a0� log 10

�
arm

ð1�aÞbrs
esmax�

�
1þð1�bÞrm

brnm

���

(5)

where pa is the atmospheric pressure of 100 kPa.
When the true effective stress is less than or equal to the true

effective deviatoric stress, i.e. pe � pesa, the sand skeleton is not
formed, and the em-pe linear relationship (i.e. Eq. (4)) is still satis-
fied; when pe > pesa, the sand skeleton is formed, and the em-pe
relationship begins to deviate from the em-pe relation line, and
shows another linear relationship with the slope of ba. Meanwhile,
the point (pesa, emsa) is the end of the deviated em-pe relation line, as
shown in Fig. 12. Therefore, the linear em-pe relationship when
pe > pesa can be expressed as follows:

log10em ¼ log10emsa � balog10ðpe =pesaÞ (6)

where emsa is the montmorillonite void ratio corresponding to pesa,
and the point (pesa, emsa) is the intersection where em-pe relation-
ship begins to deviate from the em-pe relation line; ba is the slope of
em-pe line after deviation, related to the sand content a and
montmorillonite content b in bentonite.

The deformation data of bentonite-sand mixtures are normal-
ized with respect to salt solution, consequently the em-pe relation
after the deviation can be obtained by the method in Sun et al.
(2017), i.e. after determining the stress distribution ratio l be-
tween bentonite and sand skeleton, the true effective stress borne
by bentonite can be determined. Afterwards, according to the rule
for the montmorillonite void ratio and the true effective stress
borne by montmorillonite is satisfied with the unique linear rela-
tionship, the montmorillonite void ratio corresponding to true
effective stress can be obtained.

Once the em-pe relationship is determined, the relationship
between the final void ratio and the vertical stress (ef-pe) after full
wetting for mixtures with a specified sand content can be obtained.
According to the ef-pe relationship, the deformation after full
wetting (swelling or collapse) under any true effective vertical
stress can be judged for mixtures at any initial state. In practical
engineering, bentonite-sand mixture is also in a constant volume
state, i.e. the void ratio keeps almost unchanged as the initial void
ratio e0 (Sun and Sun, 2016). From the ef-pe relationship, the
swelling pressure ps of mixture can be obtained. When the mixture
undergoes a vertical stress greater than ps, the mixture is com-
pressed; and when the mixture undergoes a vertical stress smaller
than ps, the mixture swells. The final state will reach the ef-sv
relationship determined from the predicted em-sv relationship.
3.2. Permeability prediction model

Based on the permeability obtained from the k-em relationship,
the permeability predictionmodel of bentonite-sandmixtures with
different sand contents under infiltration of salt solution with
different concentrations is established. The relationship between
montmorillonite void ratio and saturated permeability coefficient
of bentonite-sand mixtures can be divided into two parts.
3.2.1. Permeability prediction model due to salt solution variation of
bentonite-sand mixtures with a � as

Fig. 13 shows the sketch of permeability predictionmodel due to
salt solution concentration variation of bentonite-sand mixtures
with a � as. Tripathi (2013) studied the permeability of bentonite
under infiltration of salt solution with different concentrations and
showed that the permeability coefficient of pure bentonite reached
a minimum in a dense condition. The k-em relationship of
bentonite-sand mixtures with a � as obtained in this study, as
shown in Fig. 7, also indicates that the k-em relation lines of
bentonite-sand mixtures with a � as intersect to a point. The same
trend of k-em relationship can also be observed for pure GMZ01
bentonite in Ye et al. (2014), as shown in Fig. 10. All of the above can
prove that there is a critical point P (emf, kf) in the log10k-log10em
diagram, as shown in Fig. 13, where emf and kf are the montmoril-
lonite void ratio and saturated permeability coefficient at critical
point P, respectively. The values of emf and kf of different types of
bentonite and its sand mixture are related to the montmorillonite
content in bentonite, and can be obtained through the permeability
tests on two groups of sand-bentonite mixtures with different void
ratios. When em is greater than emf, the slope of the k-em relation
line increases with increasing salt solution concentration. There-
fore, the relationship between em and k of bentonite-sand mixtures
with a � as is expressed as follows:

log10
�
k = kf

� ¼ hmlog10
�
em = emf

�
(7)

where hm is the slope of the k-em relation line of saturated
bentonite-sandmixturewith a� as saturated by salt solutions with
different concentrations. When the salt solution concentration is 0,
we have hm ¼ h0. The slope hm is related to the montmorillonite
content b and salt solution concentration m, and can be expressed
as Eq. (8) through summarizing the permeability test data of



Fig. 14. log10k-log10pe relationship for bentonite-sand mixtures with a � as saturated
by salt solution.

Fig. 15. Permeability prediction model of bentonite-sand mixtures saturated by salt
solution (m is kept constant and a changes).
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different types of bentonite and its sand mixture infiltrated by salt
solution with different concentrations (Mollins et al., 1996; Studds
et al., 1998; Karnland et al., 2008; Ye et al., 2014).

hm ¼ 0:63� 0:68b

b2ð1� bÞ2
mþ 1� 1:1b

b2ð1� bÞ2
(8)

When a � as, the sand skeleton will not be formed, and unique
em-pe relation line expressed in Eq. (4) keeps satisfied. Combined
with Eq. (7), the relationship between saturation permeability co-
efficient and true effective stress (k-pe) of bentonite-sand mixtures
with a � as can be established, as shown in Fig. 14, and the rela-
tionship between k and pe is expressed as follows:

log10
k
kf

¼ hm
b0

�
log10pef � b0

2log10pe
	

(9)

where pef is the true effective stress corresponding to the critical
point P. Through Eq. (9), the saturated permeability coefficient of
bentonite-sand mixture with a � as under different true effective
stresses and salt solution concentrations can be calculated once
given the salt solution concentration, sand content, montmoril-
lonite content, and values of a0 and b0.

3.2.2. Permeability prediction model due to sand content variation
of bentonite-sand mixtures saturated by salt solution with constant
concentration

Fig.15 shows the sketch of permeability predictionmodel due to
sand content variation of bentonite-sand mixtures saturated by salt
solution with constant concentration.

When a � as, the em-k relation keeps satisfying the linear
relationship, with the slope of constant hm, and obeys the expres-
sion of Eq. (7).

When a > as, the k-em relation deviates from the linear rela-
tionship, and the starting deviation point is M (em0, k0), where em0

is the montmorillonite void ratio when the true effective stress pe is
1 kPa in deformation model, and k0 is the permeability coefficient
when pe¼ 1 kPa in the k-pe relationship of bentonite-sandmixtures
with a � as saturated by salt solution.

When a > as, the k-em relation is approximately bi-linear. For
example, the dash lines for mixture with sand content of a1 inter-
sect at Point N1 and the dot dash lines for mixture with sand con-
tent of a2 intersect at Point N2, as shown in Fig. 15, where the
abscissa values of Points N1 and N2 represents the montmorillonite
void ratio emsa of the deviation point in the deformation prediction
model where the em-pe relationship begins to deviate from the em-
pe relation line, as shown in Fig. 12. It can be seen from Eqs. (4) and
(5) that emsa is related to the montmorillonite content and sand
content but is uncorrelated to the salt solution concentration.
Moreover, the higher the sand content, the greater the emsa.

At the right side of the intersection point N1 or N2, i.e. em > emsa,
the slope of the k-em relation line is hma, which is related to the sand
content, the montmorillonite content of bentonite, and the salt
solution concentration. At this part, the void ratio of the mixture is
relatively large, and the pores are not filled with saturated
bentonite. Therefore, the permeability of the mixtures is closely
related to the sand content. The slope hma increases with increasing
sand content. For example, due to a1 < a2, the former slope is less
than the latter. In addition, the salt solution concentration also has
an impact on the saturated permeability of bentonite-sand mix-
tures. The swelling potential of bentonite decreases with increasing
salt solution concentration (Ma et al., 2016), causing the increase of
permeability coefficient of bentonite-sand mixtures. Therefore, for
mixture with the same sand content, the higher the salt solution
concentration, the greater the slope hma.

At the left side of the intersection N1 or N2, i.e. em < emsa, the
slope of the em-k relation line is supposed to equal the slope hm of
the em-k relation line of the mixture with a � as, because in this
part, the mixture is in the relatively dense state and the saturated
bentonite can be completely filled with sand pores (Sun et al.,
2017). Therefore, the variation of permeability of mixture with
a > as in this part is almost the same as that of the mixture with
a � as.

Therefore, the k-em relationship of mixture with a > as can be
expressed as follows:

log10 k ¼ log10k0 þ hmalog10
em
em0

ðem � emsaÞ (10)

log10 k ¼ log10kmsa þ hmlog10
em
emsa

ðem < emsaÞ (11)

In Eq. (10), hma is the slope of k-em relation line in the range of
a> as and em � emsa. Fig. 16 shows the sketch of hma-a relationship.
When a � as, sand skeleton is not formed, and the slope of k-em
relation line of mixture is constant, i.e. hm. When a is close to 100%,
k equals the permeability coefficient of sand, and hma is supposed to



Fig. 16. Sketch of hma-a relationship.

Table 6
Parameters of deformation and permeability prediction model for four types of
bentonite and its sand mixture.

Type of mixture rm (g/
cm3)

rnm (g/
cm3)

rs (g/
cm3)

esmax a0 b0 b

(%)
as
(%)

Wyoming bentonite-
sand mixture

2.76 2.74 2.66 0.98 1.361 0.389 85 49.3

MX80 bentonite-sand 2.76 2.74 2.66 0.98 1.171 0.296 80 49.3
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be close to infinity. When as � a < 100%, the relationship between
hma and a is assumed as the downward convex parabolic relation.
The reason for this assumption is that when the sand content in-
creases gradually, the impact of bentonite on permeability of
mixture decreases, while the sand does the opposite. Therefore, the
slope hma of the k-em relation line changes slowly with the increase
of the sand content at the beginning and varies rapidly. In addition,
according to the published permeability data of bentonite-sand
mixture (Mollins et al., 1996; Studds et al., 1998), the relationship
between hma and a of different types of bentonite and its sand
mixture can be summarized as follows:

hma ¼
ð1:95mþ1:351Þð�2:42bþ2:102Þ

100a3
�
1�a

�4
þ�

2:793mþ6:408
���0:968bþ1:441

�
(12)

To sum up, the sketch of permeability prediction model for
bentonite-sand mixtures due to salt solution concentration and
sand content variation is shown in Fig. 17. The dash line represents
the case that the bentonite-sand mixture infiltrated by the salt
solution with concentration ofmi, and the solid line is the case that
the salt solution concentration ismj, which is higher thanmi. When
a � as, the k-em relation line of mixtures saturated by salt solution
with different concentrations intersects at the critical point P (emf,
Fig. 17. Sketch of permeability prediction model for bentonite-sand mixtures due to
salt solution concentration and sand content variation.
kf) and the slope increases with increasing salt solution concen-
tration. When a>as and the salt solution concentration is mi, the k-
em relationship deviates from the line at point Mi, and point Ni
(emsa, kmsai) is the intersection point of bi-linear relationship.
Similarly, for the case of mj concentration (the solid lines), point Nj
(emsa, kmsaj) is the intersection point of bi-linear relationship.

According to the permeability prediction model, the saturated
permeability coefficient of bentonite-sand mixtures under external
stress and saturated by the salt solution with different concentra-
tions can be calculated, given the basic parameters of bentonite-
sand mixtures, such as a0, b0, sand content a, montmorillonite
content b, and salt solution concentration m.

4. Model verification

The prediction model is adopted to predict the deformation and
saturated permeability coefficient of different types of bentonite-
sand mixtures saturated by salt solution with different concentra-
tions. The parameters required in the prediction are listed in
Table 6.

4.1. Deformation prediction for bentonite-sand mixtures with
different sand contents saturated by salt solution

The deformation prediction model was adopted to predict the
deformation of Wyoming bentonite-sand mixture due to satura-
tion. The predicted results are in good agreement with the defor-
mation results of the mixtures saturated by salt solution with
different concentrations in Studds et al. (1998) and by distilled
water in Mollins et al. (1996), as shown in Fig. 18.

The model is also used to predict the deformation of bentonite
and its sand mixture used in this study, and the predicted results
are also consistent with the test results in Section 2.3 of bentonite-
sand mixtures with different sand contents saturated by the salt
solution with different concentrations, as shown in Fig. 19.
mixture
GMZ01-Na bentonite-

sand mixture
2.79 2.78 2.66 1 0.728 0.197 75.4 49.1

GCL Bentonite-sand
mixture

2.72 2.70 2.65 1 0.915 0.182 45.8 46.7

Fig. 18. Deformation prediction of Wyoming bentonite-sand mixtures.



Fig. 19. Deformation prediction of GCL bentonite-sand mixtures used in the study.

Fig. 20. Permeability prediction of GCL bentonite-sand mixtures with a � as used in
this study: (a) k-em, and (b) k-pe. Pre stand for prediction.

Fig. 21. Permeability prediction of Wyoming pure bentonite saturated by salt solution
with different concentrations: (a) k-em, and (b) k-pe.
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Therefore, the deformation prediction model can be adopted to
predict the deformation of different types of bentonite and its sand
mixture saturated by salt solution.

4.2. Permeability prediction model of bentonite-sand mixtures

The permeability prediction model is adopted to predict the
saturated permeability coefficient of bentonite-sand mixtures with
a � as saturated by salt solution with different concentrations. The
predicted results are in good agreement with the measured
permeability results in terms of k-em and k-pe relationships of
different types of bentonite and its sand mixture with a � as, such
as GCL bentonite and its sand mixture in this study, as shown in
Fig. 20, Wyoming bentonite (Studds et al., 1998) in Fig. 21, GMZ01
pure bentonite (Ye et al., 2014) in Fig. 22, and MX80 pure bentonite
(Karnland et al., 2008) in Fig. 23.

From Figs. 20e23, it can be concluded that the permeability
prediction model can be used to predict the saturated permeability
coefficient of different types of bentonite and its sand mixture with
a � as. Moreover, the predicted k-pe relationship is more conve-
nient for practical application.

The k-em relationship of bentonite-sand mixtures with a > as
saturated by the salt solution with different concentrations is pre-
dicted using the permeability prediction model, such as Wyoming
bentonite and its mixture in Studds et al. (1998), as shown in
Fig. 24, and GCL bentonite and its mixture used in the study, as
shown in Fig. 25. It can be seen that the permeability prediction
results are basically consistent with experimental results.

From Figs. 20e25, it can be concluded that the permeability
prediction model can be used to predict the saturated permeability
coefficient of different types of bentonite and its sand mixture at a
full range of sand content saturated by salt solutions with different
concentrations.

To sum up, the proposed swelling and permeability prediction
model can comprehensively reflect the HMC behaviour of
bentonite-sand mixtures, i.e. it can predict not only the swelling



Fig. 22. Permeability prediction of pure GMZ01 bentonite saturated by salt solution
with different concentrations: (a) k-em, and (b) k-pe.

Fig. 23. Permeability prediction of pure MX80 bentonite and its mixture with 30%
sand content: (a) k-em, and (b) k-pe.
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characteristics including swelling deformation (swelling or
collapse) and swelling pressure, but also the saturated permeability
of bentonite-sand mixture at a full range of sand content under the
salt solution infiltration with different concentrations.

Meanwhile, the type of bentonite, the initial dry density and the
optimum bentonite-sand mixing ratio can also be determined ac-
cording to the proposed model once given the environmental
groundwater salt concentration, the vertical pressure, the
maximum allowable swelling pressure, and the anti-seepage re-
quirements allowed by local regulations. To be specific, it is
different in permeability coefficient required by the impermeable
isolation layer of landfill and the buffer/backfill barrier of HLW re-
pository. In the deep geological disposal, the allowable swelling
pressure of bentonite-sand mixture ought to be confined consid-
ering the integrity of surrounding rock barrier. Moreover, the
determination of the bentonite type and the optimum bentonite-
sand mixing ratio is mutually influenced, and should consider the
engineering properties and economic requirements.
Fig. 24. Permeability prediction of Wyoming bentonite-sand mixtures.
5. Conclusions

The deformation and saturated permeability behaviour of GCL
bentonite-sand mixture under the salt solution infiltration were
obtained through the swelling and compression tests. A model for
predicting the HM behaviour of bentonite-sand mixtures under the
coupled MC effect was proposed subsequently. The following
conclusions were drawn:

(1) The em-pe relationship of bentonite-sand mixtures with
a � as saturated by salt solution can be normalized with
respect to salt solution and sand content, and presents a
linear relationship. When a > as, the em-pe relationship



Fig. 25. Permeability prediction of GCL bentonite-sand mixtures.
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deviates from the em-pe relation line at the true effective
deviatoric stress.

(2) When a � as, the k-em relation line of bentonite-sand mix-
tures saturated by salt solutions with different concentra-
tions intersects at a critical point, and the slope of k-em line
increases with the increase in salt solution concentration.
When a > as, the k-em relationship deviates from the k-em
line; moreover, the larger the sand content, the farther the
deviation. After the deviation, the k-em relationship is
approximately bi-linear, and the intersection is consistent
with the deviation point in the em-pe relationship.

(3) The proposed model can uniformly predict the swelling
(including swelling deformation and swelling pressure) and
saturated permeability coefficients of different types of
bentonite and its sand mixture at a full range of sand content
under the salt solution infiltration with different concentra-
tions. Meanwhile, according to the swelling and anti-seepage
requirements of the project, the appropriate initial state
indices of bentonite-sand mixtures can be quantitatively
determined through the model. The proposed model pro-
vides the theoretical support for the design and construction
of the anti-seepage engineering of bentonite-sand mixtures.
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