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a b s t r a c t

This paper presents a study on the valorization of local materials such as desert dune sand obtained from
Laghouat region in the South Algeria and mine bentonite intended for the realization of liner base layers
in the conception of insulation barriers for hazardous waste facilities. In practice, an economical mixture
satisfying the hydraulic requirements is generally concerned. First, in order to get an adequate dune sand
ebentonite mixture compacted to the optimum Proctor condition, an investigation on saturated hy-
draulic behavior is carried out in this study for different mixtures. Using oedometer test (indirect
measurement), the adequate mixture of 85% dune sand and 15% bentonite satisfies the conditions of
saturated hydraulic conductivity (k < 10�9 m/s). This result of the adequate mixture is also confirmed by
direct measurement of saturated hydraulic conductivity using triaxial cell. Second, the unsaturated hy-
draulic conductivity of the adequate mixture is measured with an original vapor equilibrium technique
(VET) used for Sr < 30% (very high suction s > 3 MPa). This technique is conducted based on the
exploitation of the water retention curve in order to establish the relationships between hydraulic
conductivity, degree of saturation, and suction. It shows that the hydraulic conductivity increases with
the degree of saturation and decreases with the suction. However, the hydraulic conductivity has a
constant value for suctions larger than 20 MPa. The selected dune sandebentonite mixture satisfies the
regulation requirements and hence constitutes a good local and economical material for the conception
of barrier base liners.
� 2016 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

Rapid technological advances and population needs lead to the
generation of increasing quantities of hazardous wastes, for which
two fundamental issues will be encountered, e.g., waste manage-
ment and pollution risk control. One of the solutions for handling
these contamination problems is enclosing the wastes in a specific
location using insulation barriers. Many different barrier materials
exist, for example, plastic membranes, sandebentonite compacted
layers, cement stabilized soils (Santucci de Magistris et al., 1998).
The permeability of insulation barriers has been studied by many
authors for different types of soils, compacted clays, silty soils, clay
eddouda).
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and sandebentonite mixtures (Daniel, 1984; Holtz, 1985; Chapuis,
1990; Blatz et al., 2002; Montañez, 2002; Watabe et al., 2003;
Chalermyanont and Arrykul, 2005; Cui et al., 2008). The efficiency
of these insulated barriers depends largely on their hydraulic be-
haviors along with their abilities of contaminant retention (Booker
et al., 2004; Sangam and Rowe, 2005; McWatters and Rowe, 2010;
Scalia et al., 2013).

Compacted sandy soil with small additions of bentonite
(bentoniteesand mixture) has been proposed and used as an
adequatematerial for these insulation layers. In order to be efficient
for insulation, the insulation barriers should fulfill some
specifications:

(1) Permeability at saturated state ranges between 10�8 m/s and
10�10 m/s (Chapuis, 1990; Parker et al., 1993; Marcoen et al.,
2001; Pierson et al., 2004; Souli et al., 2008).

(2) Physical stability of the material in contact with water
(Thériault, 2000).
. Production and hosting by Elsevier B.V. This is an open access article under the
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Fig. 1. Grain size distribution of bentonite and dune sand.
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(3) A swelling potential that ensures good contact with the host
rock and permits the replenishment of existing cracks or that
will develop in the future (Yilmaz and Marschalko, 2014).

(4) The sand should possess some characteristics of grain size
distribution (GSD), in order to prevent bentonite leaching
from the skeleton, hence ensuring the hydraulic stability of
the mixture (Malusis and Di Emidio, 2014).

In current engineering applications, soilebentonitemixtures are
mainly used to build impervious cores of earth dams and contain
groundwater pollution. Many authors reported different percent-
ages of bentonite additions, and they have found the percentages of
5e8% for sodium bentonite and 9e15% for calcium bentonite
(Chapuis, 1990; Egloffstein, 2001; Graham et al., 2001; Montañez,
2002).

Algeria generates (12e14) � 106 tons of household wastes each
year, where 3000 illegal dumping sites are observed. These landfills
occupy a total area of about 150,000 ha (MPET, 2013). In the South
Algeria, the rapid development of urban areas and the growth of oil
industry begin to generate enormous quantities of hazardous
wastes. In order to avoid groundwater pollution and environment
degradation, an insulation barrier using dune sand is proposed for
construction of waste disposal sites. Dune sand is an available and
economical local material, which can be enhanced by a small
addition of bentonite. Generally, the free swelling ratio between
sodium bentonite and calcium bentonite is about 3, and hence re-
sults in a low hydraulic conductivity of the mixtures (Ait Saadi,
2003). The ratio of hydraulic conductivity between sodium
bentonite and calcium bentonite is about 10�2 (Pierson et al., 2004;
Rowe et al., 2012; Du et al., 2015). However, the sodium bentonite is
less available through the world; instead, the calcium bentonite is
used in the study, which is brought from Maghnia region in the
west of Algeria. The study presented herein describes laboratory-
testing techniques and analyzes the experimental results of dune
sand-bentonite mixtures, suggesting an adequate combination in
order to satisfy the regulation criteria.

An investigation study is carried out on several mixtures with
different percentages of bentonite additions, which vary from 3% to
15%, for an adequate mixture purpose. The adequate amount of
bentonite addition, which satisfies the required conditions on the
saturated hydraulic conductivity, is obtained using oedometer test.
After then, the saturated hydraulic conductivity under different
confining stresses is investigated with direct methods using triaxial
cell. The measurement of unsaturated hydraulic conductivity is
conducted using vapor equilibrium technique (VET). The VET cou-
ples the total soil suction control in desiccators with saturated salt
solutions, and water mass is measured from a digital balance lab-
oratory (Fredlund and Rahardjo, 1993; Taibi et al., 2009). This paper
presents an investigation in order to valorize local materials based
on desert dune sand and bentonite for the design of insulation
barriers intended to the realization of the hazardous waste
facilities.

2. Materials and methods

2.1. Materials

The bentonite used in this study is extracted fromMaghniamine
(Hammam Boughrara, 600 kmwest of the capital Algiers). The GSD
curve of the bentonite is shown in Fig. 1. It is very fine clay; more
than 60% of particles have a diameter less than 2 mm. Liquid limit
(wL) and plasticity index (PI) of the bentonite are 141% and 93%,
respectively. The PI of bentonite indicates that the bentonite is a
very highly plastic material and has high swelling potential, which
is characterized by a large specific surface area (Ss ¼ 462 m2/g).
According to the Skempton classification based on the activity
(Skempton, 1953), the bentonite from Maghnia presents a high
percentage of calcite montmorillonite (Ca2þ). X-ray diffraction is
one of the widely used methods for identification of clay minerals
and studying their crystal structure within the soils. Diffraction test
with X-ray diffraction method carried out on bentonite shows that
the predominant clay mineral is the montmorillonite group. In
addition, quartz, calcite, and traces of kaolinite and illite are
observed. Results of chemical analysis show that Maghnia
bentonite is composed mostly of silicate, with 17% aluminates
(Table 1). The ratio of SiO2 to Al2O3 is around 3.77, which is in
agreement with the reported values of 2e5.5 (Pierson et al., 2004).

Dune sand known as desert sand is amaterial largely available in
the South Algeria. The GSD curve of the dune sand is shown in Fig.1.
The corresponding coefficient of uniformity (Cu) and coefficient of
curvature (Cc) are 1.7 and 1.1, respectively. According to the unified
soil classification system (USCS), the dune sand is classified as
poorly graded fine sand. The chemical analysis (Table 1) shows that
themajor component of dune sand is the silicate groups SiO2 (about
95%).
2.2. Test methods

In order to get the required soil combination, several dune
sandebentonite mixtures have been considered in this study: 3%
Bþ 97% S, 5% Bþ 95% S, 10% Bþ 90% S, 12% Bþ 88% S, 15% Bþ 85% S
(B: bentonite, S: dune sand). Determination of the minimum pro-
portion of bentonite to sand (B/S, %) should yield a suitable hy-
draulic conductivity (i.e. 10�8 � 10�10 m/s) or smaller (Chapuis,
1990; Parker et al., 1993), thus both the consolidation and
compaction tests were used.
2.2.1. Compaction test
Compaction tests were carried out to assess the optimumwater

contents and the maximum dry unit weights of sandebentonite
mixtures. Sandebentonite mixtures were prepared by mixing 3 kg
of oven-dried dune sand with air-dried bentonite. The bentonite
contents usedwere 0%, 3%, 5%,10%,12% and 15% byweight. For each
sandebentonite mixture, the optimum water content and the
maximumdry unit weight were determined using standard Proctor
compaction method (ASTM D698-91, 1991). The maximum dry unit



Table 1
Chemical composition of bentonite and dune sand.

Material SiO2 Al2O3 SO3 CaCO3 Cl� Na2O CaO K2O MgO Fe2O3

Bentonite 65.2 17.25 e e e 3.65 5.1 2.4 3.6 2.8
Dune sand 95.87 e 1.27 2.5 0.36 e e e e e
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weight and corresponding optimum water content were obtained
graphically from the peak of compaction curves.

For each compaction curve, the dry unit weight of the sande
bentonite mixture increases with increasing water content. As
shown in Fig. 2, when the bentonite content varies from 3% to 15%,
the maximum dry unit weight decreases from 19.2 kN/m3 to 17 kN/
m3, and the corresponding optimum water content of the com-
pacted sandebentonite mixtures increases from 10% to 15.2%.
When fine content (i.e. bentonite) is mixed with sand, more water
is required in compaction in order to achieve the maximum dry
unit weight (Holtz, 1985). When water is added to the mixture, the
water acts like lubricant that allows soil particles to move closer to
each other. When air void is minimized, higher unit weight can be
achieved. Dry unit weight of compacted dune sandebentonite
mixtures decreases considerably with high contents of bentonites
(10%, 12% and 15%).
Fig. 3. Free swelling and liquid limit with various percentages of bentonite.
2.2.2. Atterberg limits and free swelling tests
In soil mechanics, the fine materials are classified on the basis of

Atterberg limits, which can provide information for macroscopic
behavior (Mitchel, 1993). Mixtures with less than 10% of bentonite
(3% B þ 97% S, 5% B þ 95% S) are nonplastic soils. For percentage of
bentonite additions between 10% and 12%, the soils become as the
low plastic clayey soils; whilst with percentage of 15%, the soil
appears to be plastic. The plastic index ranges from 5.9% to 12.5% for
bentonite content variation between 10% and 15%. Evolution of wL
according to percentage of bentonite additions follows a parabolic
law (Fig. 3).

Swelling tests are carried out using a classical odometer. Di-
mensions of samples are 50 mm in diameter and 20 mm in height.
The test is realized according to the free swelling method (Chen,
1988; Serratrice and Soyez, 1996). The dune sandebentonite
mixture samples are prepared by a static compaction (at a
displacement rate of 1 mm/min) for water contents and dry den-
sities corresponding to the optimum Proctor condition. The total
free swelling G (%) is computed using the following relation:
Fig. 2. Variation of various parameters of bentonites used in the context.
G ¼ DH
H

� 100%

DH ¼ Hf � H0

9>=
>; (1)

where H0 is the initial height (before swelling), Hf is the final height
(after swelling), and H is the height of specimen.

Results of free swelling with various percentages of bentonite
are shown in Fig. 3. The free swelling value of the bentonite is
approximately 47.5% and the swelling pressure according to ASTM
D4546e90 (1990) is about 180 kPa; whilst the free swelling for
sandebentonite mixtures varies between 0.85% and 8.7% for
bentonite content of 3e15%. As expected, the free swelling is pro-
portional to the content of bentonite additions.
2.2.3. Indirect and direct measurements of saturated hydraulic
conductivity

A compacted mixture of bentonite and sand is often used to
form a seepage barrier (Kuroda et al., 1993). Sandebentonite mix-
tures are composed of two radically different soils with respect to
grain size, permeability, chemical activity, and strength.

(1) Indirect measurements of saturated hydraulic conductivity

The indirect methods for evaluating saturated hydraulic con-
ductivity (k, m/s) are based on the results of odometer test (per-
meameter with rigid walls). The odometer test consists of vertical
consolidation. For all mixtures, a specimenwith 50mm in diameter
and 20 mm in height is prepared by static compaction at optimum
normal Proctor condition. The specimen is placed in a metal ring
and saturated for 24 h. In this study, the odometer test of 24 h in-
cremental loading was carried out to investigate the variation of
hydraulic conductivity during consolidation. An incremental
loading ratio s0vðiþ1Þ=s

0
vðiÞ of 2 is used (s0v (kPa) is the vertical stress

applied) according to geometric progression. The applied vertical
stress to the specimen was from 10 kPa to 800 kPa (Holtz and
Kovacs, 1996). The hydraulic conductivity (k) is obtained from



Table 2
Relationship between saturated salt solutions and suction (at 24 �C).

Saturated salt solutions s ¼ ua� uw (MPa)

K2SO4 4.23
CuSO4 7.13
ZnSO4$7H2O 14.64
KCl 22.59
NH4Cl 34.54
NaCl 38.15
CH3COOH 102.02
CaCl2$6H2O 156.22
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both the coefficient of consolidation CV (m2/s) evaluated by Taylor’s
approach and the coefficient of volume compressibilitymv (m2/kN)
(see Eq. (2)). In this method, the coefficients CV andmv are deduced
from compressibility curves and consolidation curves, respectively,
in order to obtain the hydraulic conductivity.

In this study, the hydraulic conductivity k is written as

k ¼ CVmvgw (2)

where gw is the unit weight of water (kN/m3).

(2) Direct measurements of saturated hydraulic conductivity

The direct saturated hydraulic conductivity is measured using a
permeameter with flexible walls. The experimental setup is
composed of a triaxial cell of the BishopeWesley type, controlled
with three pressure-volume controllers of “GDS”. The triaxial cell
permits to apply an isotropic confining stress (up to 1700 kPa). The
flow is made vertically from the bottom towards the top. The test is
realized on the optimal mixtures (85% Sþ 15% B) obtained from the
results of odometer tests. The specimen is prepared by static
compaction with double piston at optimum normal Proctor con-
dition (wopt ¼ 15%, gd max ¼ 17 kN/m3). Specimen dimensions are
d ¼ 35 mm and H ¼ 70 mm. The displacement speed of the press is
about 1.14 mm/s. The static compaction is retained because it per-
mits to obtain more homogeneous specimens (Gueddouda et al.,
2010).

The saturated hydraulic conductivity is measured under steady
state (constant head). As the phase of saturation, once the specimen
is placed inside the triaxial cell, a confining stress of 100 kPa is
applied first. In order to extrude the existing air bubbles between
the membrane and the soil, a low back pressure is applied at the
base of the specimen (ue: back pressure at the base at the sample,
ue ¼ 20 kPa; us: the pore pressure at the top at the sample,
us ¼ 0 kPa). The progressive increases of the confining stress and
the back pressure allow free air bubbles from the connecting tubes
(i.e. ue ¼ 30 kPa and 40 kPa), and meanwhile preserve an average
constant effective stress. The final confining stress applied on the
sample during the saturation phase must be greater than or equal
to the swelling pressure of the mixture, which is about 180 kPa. The
vertical deformation versus time of the samples was recorded and
the samples were considered as saturated when the displacement
of the piston became constant (less than 0.01 mm in 24 h) (Souli
et al., 2008).

An experimental program is carried out in order to investigate
the effect of the average confining effective stress (s03 ¼ 400e
1300 kPa) with a constant hydraulic gradient (Du ¼
ue� us ¼ 40 kPa).

The saturated hydraulic conductivity was computed using the
Darcy’s law, which describes the relation between the quantity of
water flow through a cross-section during elapsed time. It is
expressed by the following equation:

v ¼ Q
A

¼ ki (3)

where v is the Darcy flux (m/s);Q is the volumetric flow rate (m3/s);
A is the flow area (m2); and i is the hydraulic gradient, which can be
expressed as

i ¼ Du
gwH

(4)

where Du is the difference of pressure (kPa).
2.2.4. Measurement of unsaturated hydraulic conductivity (VET:
desiccators with saturated salt solutions and a digital balance)

For higher suctions and continuous air interface phase, the
transfer of water can occur in the vapor phase. The desiccators with
saturated salt solutions are routinely used to determine the soil
water retention curve (SWRC) data for total suction values ranging
from 3 MPa to 400 MPa (Fleureau et al., 1993; Nishigaki et al., 1994;
Delage et al., 1998; Delage and Fry, 2000; Tang and Cui, 2005; Taibi
et al., 2005, 2009; Blatz et al., 2008; Goual et al., 2011). The sample
is prepared with two initial moisture conditions: dried pastes
(dried at 105 �C) and saturated slurry (water content of 1.5wL).

The data of the SWRC of the dune sandebentonite mixtures
(85% S þ 15% B) were determined independently using different
methods:

(1) Tensiometric plates were used to achieve low soil suction
values between 1 kPa and 20 kPa. The specimenswere placed
on sintered glass filters, and a negative pressure was applied
to the water. The air pressure is the atmospheric pressure.

(2) Osmosis was used to achieve the intermediate soil suctions
between 0.05 MPa and 1.5 MPa. In the osmotic technique,
Visking dialysis membranes obtained from Union Carbide,
with very small pores (50 nm), were placed between the
specimens and a solution of polyethylene glycol 20000 (PEG)
(from Merck Laboratories) to prevent the passage of macro-
molecules. As the macromolecules tend to hydrate and
attract water from the soil, the specimen was subjected to
negative pore-water pressure, which depends on the PEG
concentration in the solution.

(3) To achieve high suctions between 4 MPa and 400 MPa, the
relative humidity (RH) in the soil specimens was controlled
by salt solutions (Table 2). Details of the experimental tech-
niques are given in the studies (Verbrugge,1975; Biarez et al.,
1987; Verbrugge and Fleureau, 2002).

This relatively low cost laboratory technique consists of placing
the soil specimens in totally closed desiccators that contain a given
saturated salt solution. The saturated salt solutions are used to
control the RH of the atmosphere in the desiccators containing the
soil specimens. The imposed total soil suction is related to the RH of
the vapor space where the specimen is equilibrated by the
following equation, which is derived from the Kelvin’s law
(Fredlund and Rahardjo, 1993):

s ¼ �RT
Mwr�1

w
ln RH (5)

where R is the universal gas constant, and R ¼ 8.3143 J/(mol K); T is
the absolute temperature (K);Mw is the molecular weight of water,
and Mw ¼ 18.016 g/mol; rw is the density of water (Mg/m3) as a
function of T; and RH is defined as uv/uv0, where uv is the partial
pressure of pore-water vapor in the soil specimen, and uv0 is the
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saturation pressure of pore-water vapor above a flat surface of
water at temperature T.

The value of RH depends on the temperature, type and con-
centration of the salt solution used (Tang and Cui, 2005;
Shackelford et al., 2010; Savoye et al., 2012). Therefore, the accu-
racy of this technique depends on the calibration used to determine
the RH value generated by the used salt solution at the measured
temperature (about 20 �C � 2 �C). The laboratory experimental
technique used for determining the hydraulic conductivity (kw)
functions of low permeability soils couples the total soil suction
control in desiccators with saturated salt solutions with water mass
measured from a digital balance (precision 10�3 g). The basic
experimental setup consists of several desiccators with different
saturated salt solutions and a digital laboratory balance (Fig. 4). The
suction difference (Ds) between the soil specimen (s) and that
imposed by the RH generated by the saturated salt solution in the
desiccator (s0) causes the water to flow in or out of the soil spec-
imen until the potential equilibrium is reached. During the wetting
or drying paths, the balance monitors the pore water gain (wetting
path) or loss (drying path). The soil specimens are laterally sealed
with paraffin for creating one-dimensional (1D) flow condition.
During the unsteady state flow in the sample, one measures the
variation of the average water content with time by weighing the
soil specimen until the specimen’s final suction reaches equilib-
rium. At this time, the flow stops (hydraulic flow rate (v) is equal to
zero). The governing equation for 1D flow, neglecting gravity, is

vj

vt
¼ D

v2j

vz2
(6)

where j is the suction head, t is the time, z is the distance, and D is
the diffusivity.

In general, Eq. (6) is nonlinear and difficult to be solved
analytically. However, if the increments of s are sufficiently small, it
is possible to assume that D is constant and that the seq relation-
ship is linear between two steps, whichmake it possible to linearize
Eq. (6) and obtain its analytical solution, considering the initial and
boundary conditions as

j(z, 0) ¼ j (soil specimen initial suction) (7)

j(0, t) ¼ j(l, t) ¼ j0 (imposed suction in the desiccator) (8)

where l is the length of soil specimen.
Using the method suggested by Gardner (1956), the solution to

Eq. (6) is
Desiccator 

Saturated salt solution

Digital balance 

Specimen 

Fig. 4. Schematic diagram of the experimental VET equipment: (a) Sample during vapor
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D ¼ l2m
p2 (12)

where Vw(t) is the change in water volume at time t, VwT is the
total change in water volume, m is the slope of the straight line in
t � ln[VwT� Vw(t)] space, and j0 is the initial suction of soil
specimen.

The coefficient of diffusivity D is related to the hydraulic con-
ductivity kw (Klute and Heermann, 1974; Taibi et al., 2009):
D ¼ kw(vj/vq), where q is the volumetric water content, defined as
the ratio of pore water volume Vw to the total volume of sample VT,
i.e. q ¼ Vw/VT.

When the sample is placed in the desiccator, its capillary po-
tential varies from j1 (initial capillary potential) to j2 (imposed
capillary potential in the desiccator), and then Dj ¼ j2 e j1. The
volumetric water content varies from q1 to q2, then we have
Dq ¼ q2 e q1.

The chosen Dj must be small enough to meet the assumption
(vj/vqz Dj/Dq), but large enough to provide a measurable volume
of flow. The mean diffusivity is then written as D ¼ kw (Dj/Dq), or
kw ¼ D(Dj/Dq). The volume of pore water VW is related to its mass
Ww by Vw ¼ Ww/rw. The variation of the volumetric water content
Dq can be related to the variation of the total change in water mass
of the sample WwT by Dq ¼ WwT/(rwVT) and the kweD relationship
is defined by (Lorenzetti et al., 2005):

kw ¼ D
vj=vq

¼ D
Dj

WwT

rwVT
(13)

This method assumes that kw is constant during the flow pro-
cess. The soil mass measurements throughout the test, and the dry
mass and total volume of the soil specimen measured at the end of
the test are used to back-calculate the mean specimen volumetric
water content at each step.

The external total volume of the specimens (between 1 cm3 and
3 cm3) was determined by immersing the specimens for 2 h in a
Digital balance 

Desiccators 

equilibrium in desiccators, and (b) Several desiccators with different salt solutions.
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non-wetting oil (commercial Kerdane, BP) to fill the largest pores
without swelling and weighing them before and after imbibition
(Fleureau et al., 1993; Shackelford et al., 2010).

The kw is determined for each increment of suction, and the
experiment is repeated for differentmagnitudes of suction or water
content to yield a water hydraulic conductivity-suction (kwes)
relationship. On wetting path, the kwes relationship is obtained by
proceeding through a series of steady states with smaller and
smaller suctions.

The method is also used for obtaining the drying kwes rela-
tionship (i.e. a series of steady states with increasing suction). The
same soil specimen was continuously moistened and dried so that
there is no hysteresis associated with alternately wetting and
drying soil.

The time required to reach equilibrium for the soil specimen is
obtained by taking the mass measurements throughout the test.
The frequency of weighing varies from 1 per day at the beginning of
the test, to 3 per day at the end. The tests are carried out on very
small soil specimens (10 mm in height and 35 mm in diameter).

The samples used in the VET for the measurement of kw func-
tions were first statically compacted in a mold at the standard
Proctor optimum water content (or saturation Srp) and corre-
sponding density. To evaluate whether hysteresis exists in the kwes
relationships for the sand-mixtures, the procedures were used to
prepare the soil specimens:

(1) For the wetting path starting from Sro ¼ 0%, some of the
compacted specimens were allowed to dry in the oven at
105 �C � 5 �C for 24 h, and

(2) For the drying path starting from Sro ¼ 100%, some of the
specimens were saturated by applying vacuum and flushing
de-aired water into the specimen for a period of 120 min.
3. Results and discussions

3.1. Saturated hydraulic conductivity

Evolution of saturated hydraulic conductivity of soilebentonite
mixture as a function of loading pressure is shown in Fig. 5. Ac-
cording to the results obtained, it shows that:

(1) For all mixtures, the hydraulic conductivity varies inversely
with the loading pressure. For example, when the loading
Fig. 5. Hydraulic conductivity of sandebentonite mixtures with applied vertical stress.
pressure varies from 25 kPa to 800 kPa, the hydraulic con-
ductivity for mixtures, with higher bentonite additions, de-
creases approximately two orders of magnitude.

(2) The saturated hydraulic conductivity for dune sand varies
between 1.1 � 10�5 m/s and 1.9 � 10�6 m/s; whereas for
mixtures with 15% bentonite addition, the value ranges from
7.41 � 10�9 m/s to 4.58 � 10�11 m/s.

(3) The effect of loading pressures applied on hydraulic con-
ductivity is less significant, once the vertical pressure is more
than 200 kPa. Other researchers found these limiting values
were around 100 kPa (Wu and Khera, 1990) and 200 kPa
(Alston et al., 1997).

(4) Hydraulic conductivity of the dune sandebentonite mixtures
decreases with increasing bentonite content. For bentonite
content more than 12%, the saturated hydraulic conductivity
is less than 10�8 m/s.

(5) The target values relative to the saturated hydraulic con-
ductivity for contaminant liners, which should be between
10�8 m/s and 10�10 m/s, can be achieved for bentonite con-
tent greater than 12%, under an applied vertical pressure
larger than 100 kPa. While for the bentonite addition of
around 15%, this target value is obtained under a low vertical
pressure (around 25 kPa).

(6) According to these results, the adequate sandebentonite
mixture used for the following studies is 85% S þ 15% B
(S85B15). This mixture satisfies the principal condition of
permeability (10�8 m/s < k < 10�10 m/s). Hence, this com-
bination referred as S85B15 will be used in the design of
engineered barriers for the achievement of the insulation
barriers of storage facilities for hazardous wastes.

Fig. 6 shows the saturated hydraulic conductivity variation
versus the average effective stresses when hydraulic gradient is
constant, i.e. Du ¼ 40 kPa and i ¼ 57.14. The odometer test consists
of vertical consolidation and the triaxial test in isotropic consoli-
dation. The mean stress of consolidation p0 is determined for the
both test methods. For the odometer test (Fleureau et al., 2002), we
have

p0 ¼ ð1þ 2k0Þs0v
3

(14)
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s0H ¼ k0s
0
v (15)

where k0 ¼ 1 � sin 4 is the pressure coefficient of the soil and 4 is
the friction angle determined by triaxial test (4¼ 30�).

Substituting Eq. (15) to Eq. (14) yields

p0 ¼ s0vþ2s0H
3

(16)

According to Eq. (14), when k0 ¼ 0.5, we have

p0 ¼ 2s0v
3

(17)

For triaxial test in isotropic consolidation, we have
s01 ¼ s02 ¼ s03, thus it yields p0 ¼ s03. Fig. 6 shows the compari-
son of the results obtained by the two methods. It can be observed
that the effect of the average confining effective stress on the
saturated hydraulic conductivity is more significant for values less
than 200 kPa. Beyond this stress value, the saturated hydraulic
conductivity seems to be constant, which agrees with odometer
test results. The results of the saturated hydraulic conductivity
obtained by the odometer tests are lower than those obtained by
the triaxial cell. This can be attributed to the lack of saturation of
the specimen under odometer conditions and some air bulbs may
remain trapped within the soil (Gueddouda et al., 2010).

Table 3 summarizes the positioning of mixture S85B15 compared
to the regulatory recommendations. The studied mixture satisfies
the requirements of the realization of liner base layers in the
conception of insulation barriers for hazardous waste facilities.

3.2. Unsaturated hydraulic conductivity

The unsaturated hydraulic conductivity of sandebentonite
mixture (S85B15) is determined using the VET desiccators with
saturated salt solutions and a digital balance. However, problems
were met with these devices and eventually suctions were derived
from the SWRC using the relationship between water contents and
suctions. The data of the SWRC of the dune sandebentonite mix-
tures (S85B15) were determined using different methods indepen-
dently, i.e. tensiometric plates (1e20 kPa), osmotic technique
(0.05e1.5 MPa) and VET with saturated salt solutions (4e300 MPa)
(see Table 2) to control the soil suction (Fig. 7).

Compacted specimens are partially saturated and their pore-
water pressure is negative. In most cases, a calibrated filter paper
(Whatman 42) is used to obtain the initial negative pore-water
pressure of the soil at the end of the rest period. This value is
derived from the water content of the filter paper, which is
measured with a very precise force transducer (10�6 N) by refer-
ence to a calibration curve (ASTM D5298e94, 1994). The calibrated
filter papers were placed in the specimens during compaction,
protected on both sides by ordinary filter papers, between two soil
layers. It must be noted that the filter papers were directly in
contact with the soil, thus only the matrix negative pore-water
pressure was measured (Fleureau et al., 2002). The SWRC data for
Table 3
Positioning of mixture S85B15 from the regulatory recommendations.

Regulatory recommendations Mixture S85B15

wL � 25e30% wL ¼ 34%
PI � 10e20% PI ¼ 12.5%
<10% of gravel diameter larger than 5 mm 0%
Organic carbon content< 5% 0%
Swelling properties G <10% G ¼ 8.7%
Very low permeability k < 10�9 m/s k z 2.1 � 10�10 m/s Fig. 9. Variation of samples’ water volume with time using different imposed suctions.



Fig. 10. Variation of samples water volume [ln(VwT � Vw(t)] with time using different imposed suctions.
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the dune sandebentonite mixtures obtained from the VET tests are
presented in Fig. 7.

The variations of the water mass, water volume and the
resulting ln[VWT � Vw(t)] against time for the tested dune sande
bentonite mixtures are presented in Figs. 8e10, respectively.

The values of suction are determined by the VET, and the cor-
responding saturation values are obtained using a non-wetting oil
(commercial Kerdane, BP) to determine the external total volume of
the specimens (Fleureau et al., 1993).

Equilibrium time was reached after about 60 d for the small
tested dune sandebentonite mixtures specimens (10 mm in height
and 35 mm in diameter). The hydraulic conductivity is analytically
determined from the graph of ln[VWT � VW(t)] versus time.
Examples of the resulting plot for the drying path of the saturated
dune sandebentonite mixture are presented in Fig. 9. The experi-
mental results presented in Fig. 10 confirm the assumed linearity of
the ln[VwT � VW(0)]etime relationship for the materials tested.
Equilibrium is reached when the variation of the weight of the
water mass versus time (Fig. 8) does not exceed 0.01% per day. Taibi
et al. (2009) mentioned that the equilibrium time depends on the
soil properties, the soil specimen sizes and the suction differences.
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In order to decrease the equilibrium time, the measured kw
values from different initial degrees of saturation Sro and suction,
for the compacted dune sandebentonite mixture, are plotted in
Figs. 11 and 12, respectively. The experimental results suggest that
the hysteretic effect on the kweSr and kwes relationships cannot be
neglected in this saturation range (20%< Sr< 30%), and that the kw-
s relationship appears to exhibit less hysteresis than that at rela-
tively high suctions (4 MPa < s < 156 MPa). The results obtained
were in good agreement with the data from the literature (Fleureau
et al., 2002; Taibi et al., 2009). The unsaturated hydraulic conduc-
tivity decreases with increasing suction (see Fig. 12). The unsatu-
rated hydraulic conductivity has a constant value for suctions larger
than 20 MPa, which is approximately 7 � 10�18 m/s.

4. Conclusions

In this study, it shows the possibility to obtain an adequate
mixture intended for insulation barriers, using desert dune sand
and a small amount of bentonite addition. According to the results
obtained from this study, the following conclusions can be drawn:

(1) The maximum dry unit weight and optimum water content
decreasewith increasing bentonite content of the compacted
sandebentonite mixtures.

(2) The common requirement on hydraulic conductivity (less
than 10�8 � 10�10 m/s) is met for compacted soil with a
minimum bentonite content of 12%. The saturated hydraulic
conductivity of the sandebentonite mixtures decreases with
increasing bentonite content.

(3) The saturated hydraulic conductivity obtained by the
odometer tests is lower than that obtained by the triaxial
cell. This can be attributed to the unsaturation of the spec-
imen under odometer conditions and possibly some air bulbs
trapped within the soil.

(4) The unsaturated hydraulic conductivity increases propor-
tionally with the increasing degree of saturation. The un-
saturated hydraulic conductivity has a constant value for
suctions larger than 20 MPa. The VET can be used to measure
very small kw values (10�16 m/s < kw < 10�18 m/s).

Finally, it can be noted that the use of dune sand, which is a
locally available material in the South Algeria, with small quantities
of bentonite additions can provide technical, economic and envi-
ronmental insulation barriers for waste disposal management.
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