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Abstract
The interest in environment has recently considerably grown, and its protection is now included
in the continuous action of the governments and the industries. In Algeria, the different types of
waste are currently produced in almost 3.000 illegal dumps, occupying approximately 150.000
hectares. To overcome this problem, waterproofing sites prove the most appropriate solution. It is
a geotechnical method to guard against the action of water by narrowing the flow of water through
a surface in a given time. The site’s waterproofing technique, in the landfills sites, is nowadays a
very necessary condition to protect the environment, which requires the use of appropriate materials. This work deals within the valorization of local materials (sand and bentonite), in the waterproofing technique of the technical landfills site “TLS”. To this end, two types of bentonites from
the west of Algeria are used. In order to achieve an optimal mixture, ensuring good performance
in terms of hydraulic conductivity, durability and shear strength, mixtures based of sand at different concentrations of bentonite, at compact state are prepared and studied. This study showed
that a low permeability of mixture (sand/bentonite) can be achieved with introducing 8% of a calcium bentonite, against 6% of a sodium bentonite. The latter presents a great adsorption capacity
and a self healing ability, compared to calcium bentonite. This gives a good sustainability against
climate variations of mixture based on sodium bentonite. This mixture has also confered a good
mechanical behavior, expressed by the recorded, reduction of the friction angle (Φ) and the increase of the cohesion (C). Therefore it represents an optimal mixture for waterproofing systems,
due to its economical and ecological advantages.
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1. Introduction

The existence of stocks of industrial waste, and household garbage on the surface, pose major environmental
problems. In Algeria, this problem begins to be felt, and becomes a concern of the environmental and geotechnical specialists, who care for the achievement of the sustainable developments [1].
The primary interest for environment protection increases the requirement of high quality and reliable sealing
systems; the main characteristics sought are:
• A maximum dry density of the compacted mixtures sand/bentonite.
• A low hydraulic conductivity (K ≤ 1 × 10−9 m/s) to minimize leakage using a small percentage of bentonite.
• A sufficient shear strength to maintain slope stability in TLS.
• The sustainability of the mixture should be checked vis-a-vis the climate changes in consecutive hydration
properties over time (cycles of wetting-drying).
Nowadays, the use of the bentonitical geosynthetic, for the soil sealing is one of the most used worldwide.
Even though there are many worldwide research works, which were carried out on the hydraulic performance of
bentonites, there are very few on the Algerian bentonite [2]. The Table 1 summarizes some results, found in the
literature about similar worldwide researches.
In Algeria, the most important bentonite deposits are found in the west of Algeria (Figure 1). They have been
exploited since the 1950s.
In this context, first, an experimental campaign was conducted in order to define, the concentration of bentonite necessary to achieve a low permeability (K ≤ 1 × 10−9 m/s), the compaction characteristics and the possible
variation of “K”, allowing a sustainability study of the required mixture. Second, a study of the mechanical behavior is conducted, to evaluate the mechanical characteristics at short and long term of required mixture.

2. Materials Used
Two types of bentonite are used in this study:
• The bentonite of Mostaganem which is grayish.
• The bentonite of Maghnia (Roussel1) which is whitish.
Both bentonites are marketed by the National Company of Mineral Products Non Ferrous Bental (ENOF), to
be used in foundry, ceramic industry or the oil and hydraulic drilling. The selection criteria are shown in Table
2.
The used sand comes from alluvial deposit of the north of Baghlia—the eastern of Algeria—usually used in
the manufacture of concrete. A prior washing of the sand is performed to remove all impurities.

2.1. Chemical Analysis
The chemical analysis of the two used samples of bentonite, prepared in the form of pellets, was carried out by
X-ray spectrometer, fluorescence spectra acquisition, and mathematical processing are performed by software
Super Q. To do this, the Philips Analytical spectrometer is used, in order to adding value to local products, in
soil sealing, chemical compositions of Algerian bentonites are compared to the world wide bentonites (Table 3).
This table indicates that the bentonite of Maghnia, has similar characteristics to the bentonite of Wyoming and
the Greece one. However, the bentonite of Mostaganem contains low percentage of alumina and high in calcium.
Table 1. Literature results review.

SP sand
SW sand
SM sand
SM sand
Silicate sand
Dune sand

Type of bentonite

Studied content of bentonite

Optimal content of bentonite

Calcium

0% - 20%

15%

Sodium

0% - 10%

5%

Sodium

0% - 6%

4%

Sodium
Calcium

5% - 50%

50%

0% - 15%

15%
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KOptimal (m/s)

Référence

10−9

[3] [4]

10−11
1.21 × 10
<10

−8

[3] [5]
−12

[3] [6]
[7]
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Figure 1. Location map of the bentonite deposit in Algeria.
Table 2. Criteria for the selection of compounds the bentonite [2].
Category

SiO2 (%)

Al2O3%

MgO%

Na2O%

CaO%

viscosité

Drilling mud

50 to 65

15 to 25

2-3

>2

<1

≥ 30

Foundry

50 to 65

15 to 25

2-3

-

-

-

Discoloring earth

50 to 65

15 to 25

3-5

-

<1

-

Pelletizing

50 to 65

15 to 25

2-3

>1

-

-

Table 3. Comparison of chemical compositions of the worldwide and Algerian bentonites.
Some worlwide bentonites

Algerian bentonites

*

Kutch
Inde%

S&B
Greece%

Wyoming
Federal %

Wyoming
Black hill %

South of
the USA %

Bentonite of
Mostaganem % [3]

Bentonite of
Maghnia %

SiO2

45.43

60.83

58.14

66.12

59

60.49

64.98

Al2O3

16.4

17.9

21.73

17.01

18.4

12.70

16.08

Fe2O3

14.05

4.34

2.46

2.46

5.1

2.70

2.93

CaO

1.18

1.9

0.86

1.37

3.88

3.60

0.61

MgO

2.43

2.83

2.42

1.51

2.86

2.29

3.51

K2O

0.13

1.98

0.52

0.54

0.78

2.28

2.02

Na2O

3.1

2.96

2.08

2.02

0.41

1.55

3.88

TiO2

1.86

/

/

/

/

0.30

0.20

Loss on ignition

13.28

6.44

5.3

7.3

8.31

13.80

6.07

The two bentonites are composed of a high percentage of SiO2 than Al2O3 (Table 3). In fact, the SiO2/Al2O3 ratio for the bentonite of Mostaganem and that of Maghnia, are respectively 4.76 and 4.04, these values indicate
the presence of a Montmorillonite [8]. As the balance of the percentage of calcium, from the sodium in the bentonite from Mostaganem, confirms that the latter is calcium type, against by the balance of the calcium to sodium in the case of the bentonite of Maghnia, which indicates that we have a sodium one [9].
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2.2. Mineralogical Analysis

2.2.1. X-Ray Diffraction Analysis
The methods of investigation and mineralogical characterization of clays, concern mainly the X-ray diffraction
and microscopic analysis (SEM). The diffractometer used is brand Philips PW1710 type, the generator voltage
45 kV and 35 mA. The wavelength (λ) is used attached to 1.54 A˚, corresponding to the base tube in copper
(Cu).
The X-ray diffraction patterns of the both of used bentonites, shown in Figure 2(a) and Figure 2(b), show the
presence of montmorillonite (translated by the peak corresponding to an interplanar spacing of 15.36 A˚ in bentonite of Mostaganem. Furthermore the appearance of illite, quartz, calcite and traces of felspath (orthoclase and
albite) is found (Figure 2(a)) [3]. While in the bentonite of Maghnia, the montmorillonite is predominant compared toimpurities such as quartz, orthoclase and some traces of calcite (Figure 2(b)).
2.2.2. Scanning Electron Microscope Analysis (SEM)
The analysis of the photographs taken using the SEM type JEOL JSM 6830.
On the Figures 3, the pictures show that the both bentonite are consisting of aggregates, which are formed by
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Figure 2. X-ray diffraction patterns of the two bentonites. (a) Bentonite of Mostaganem [3]; (b) Bentonite of
Maghnia.
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(a)

(b)

Figure 3. The photographies of the microstructures of the used materials, analyzed by SEM. (a) Bentonite of
Mostaganem [3]; (b) Bentonite of Maghnia.

assembling the montmorillonite particles of various sizes. This assembly is accompanied by the appearance of
microcavities of small sizes in Mostaganem bentonite compared to the Maghnia one.

2.3. Physical Characteristics
The physical characteristics are determined from standard laboratory tests, according to the standards, as shown
in Table 4 and Table 5.
The characterization tests show that both bentonites are actives montmorillonite, having consequently a relatively large water adsorption potential. This gives them a possibility of their use in reducing the permeability.
Bentonite of Maghnia is sodic (noted SB), while that of Mostaganem is calcic (noted CB). The used sand identification revealed that it is clean after the prewashing to remove all impurities, and bad graduated (noted Sp).
The curves of sieving and sedimentometry, of the different used materials are plotted in the Figure 4, whose
extracted informations are given bellow in Table 4 and Table 5.

3. Hydraulic Performance
This section deals with the determination of hydraulic performance, of the compacted mixtures, compound of
the same sand and bentonites with different physico-chemical and mineralogical characteristics. The contents of
the used bentonites are: 0%, 2%, 4%, 6% and 8%.
The used sand was previously washed in order to eliminate all impurities (Table 5), and then dried in an oven
at 105˚C for 24 hours, while the bentonites have been dried at a temperature of 50˚C for 48 hours.
This study concerns artificial sealing technique, where a soil (sand)—permeable—is mixed with the bentonite.
Both (sand/bentonite) compacted at a specified water content, should ensure the permeability fixed by the regulations, and the cyclical effect humidification-drying.
Before studying the hydraulic performance of a soil, it is imperative to assess the optimal water content, giving the maximum dry density of each mixture by Standard Proctor (NF P94-093), according to the granulometry
of the mixture and the site’s usage.
This test consists on compacting the mixture, of particles whose diameter is less than 5 mm, a rammer of 2.49
kg mass, a drop height of 30.5 cm in three layers, about 40 mm thick, in a standard mold with a diameter of 102
mm and a height of 117 mm, with a relatively low compaction energy, which corresponds to a moderate compaction, evaluated at approximately 0.59 kJ/dm2 (25 strokes per layer). The mixture is prepared in a mixer −5 liters container, made of a stainless steel, and a rotary mixer alloy, revolving at a speed of 139 rev/min- wherein is
introduced the dry sand and the required quantity of bentonite, then water is added. The mixture is mixed thoroughly, to obtain a homogeneous mixture. The conservation of the considered mixtures is ensured in sealed
bags at room temperature for at least 24 hours [4] [10]. This step is necessary to keep constant the mixture humidity. Being sensitive to water, the bentonite requires more time for its homogenization. This process is repeated for the different considered mixtures, with different content of bentonite.
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Table 4. Results of identification tests of two the studied bentonites.
Designation

Bentonite of Mostaganem [3]

Bentonite of Maghnia

9

8.5

Specific density of solid grains. Gs

2.70

2.72

Percentage of particles < à 80 µm(3)

100

100

Percentage of particles C2 < à 2 µm(3)

46.5

42.5

Liquidity limit. Wl (%)

187

240

Plasticity limit Wp (%)(4)

45

43

Identification

Natural water content (%)(1)
(2)

(4)

(4)

Plasticity index Ip (%)

142

197

(4)

1.25

1.18

(5)

Withdrawal limit Lr (%)

13

10.24

Withdrawal index Ir (%)(5)

174

229.76

3.89

6.06

23

35

Value of methylene blue test (8)

8.25

18.75

specific area (m2/g)(9)

168

394

8.6

10.3

Consistency index Ic (%)

Activity (%) Ac

(6)
(7)

Free swelling (ml)

(10)

pH
(1)

Determined according to the standard NF P 94-050 procedure. (2)Determined according to the standard NF P 94-054 procedure. (3)Determined as
described in standard NF P 94-056 and NF P 94-057. (4)Determined according to the standard NF P 94-051 procedure. (5)Determined according to the
standard procedure ASTM D 427-61 and (XP P94-060-1). (6)Determined according to the standard NF P 94-051 procedure Ac = Ip/C2 Skempton et al.
(1953), Seed and al. 1962Ac = Ip/(C2-n), where (n = 5 if the soil is intact n = 10 if the soil is edited). (7)Determined according to the standard procedure ASTM D 5890 and planned in France NF P84-703. (8)Measure with methylene blue test (test spot) after NF P 94-068. (9)Determine according to
the standard procedure ASTM C 204-89. (10)Determined a suspension of 20 g bentonite in 400 ml of distilled water.

Table 5. Results of identification tests of the studied sand [3].
Designation
Identification

Sand of Baghlia [3]

Percentage of particles < à 80 µm(3)

0.25

(2)

2.65

Specific density of solid grains Gs
Effective diameter (mm) D10
Uniformity coefficient Cu
Curvature coefficient Cc

(3)

0.26

(3)

3.46

(3)

0.98

(11)

Equivalent of sand ES(%)

Value of methylene blue test
(2)

97

(8)

0.012
(3)

Determined according to the standard NF P 94-054 procedure. Determined as described in standard NF P 94-056 and NF P 94-057. (8)Measure
with methylene blue test (test spot) after NF P 94-068. (11)Determined according to the standard procedure NF P 18-0598.

The Proctor curves are obtained, starting from a water content of about 4% (Figure 5) and increase gradually.
In general, the addition of water is stopped once the soil repulse is observed around the rammer compaction.

4. Compaction Test Results
The results are in the form of a curve on the Figure 5, which illustrate the dry density evolution depending to the
water content. The optimum Proctor is graphically derived.
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Figure 4. Grain-Size Distribution curves of three materials used in this study.

(a)

(b)

Figure 5. Weight volumic dry versus the water content, for the considered bentonite concentration. (a) Sand/CB; (b)
Sand/SB.

The results allow us to follow up the change of the maximum of dry density, and the corresponding optimal
water content, depending on the bentonite concentration. On the Figure 6, we notes that at low concentration of
bentonite, their particles are rather driven between the sand grains, creating contact areas of sand granulate-togranulate. Whereas, above the concentration of 4% of bentonite, whose particles coat the sand ones, which reflects the mixtures’ dry density decrease [10]-[13].
The two curves on Figure 7 show that the optimum water content is directly proportional to the concentration
of bentonite. Furthermore, the optimal water contents of the mixtures of SB, are higher than those of mixtures of
CB. This is explained by the high specific area, the plasticity index -to high-, the high rate of swelling of the SB
of Maghnia (Table 3), and therefore a greater adsorption capacity than that of the CB of Mostaganem.

4.1. Permeability Tests
In general, determination of the coefficients of permeability to water, in the soil and—more generally, in the
porous media—is based on the measurement of a flow rate, percolating through the microscopic porous struc-
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Figure 6. Evolution of dry volumic weight versus bentonite concentration.
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Figure 7. Optimal water content versus bentonite concentration.

ture, under the action of a positive or negative hydraulic load gradient. Free water and a capillary transfer governed by a mechanism, well reproduced by Darcy’s law [14].
Given that we are interested to the sealing of compacted mixtures, all samples made for permeability tests,
will be compacted on the wet side, thus the permeability tests are carried out at water contents equal to: ω = ωopt
+ 2% [15]. The direct measurement of soil permeability according to (NF P94-512-11), is based on two so-called
“constant load” for soils with high permeability or “variable load” for soils with low permeability. In this study,
the two procedures are performed, since the mixture consists on two types of soil, namely sand and a family of
clays (montmorillonite). Once the optimum is obtained, from of the Proctor curve, the dry volumic weight and
the corresponding content of water to be added are deduced. Another compaction test is carried out, this time, in
the mold of Proctor permeameter, with a water content of the optimum + 2%. The trials are conducted under the
following conditions:
• The maintain of a low hydraulic gradient (noted i), during the saturation phase (i = 1).
• The validity of Darcy’s law;
• The measurement of permeability after saturation, especially after allowing the bentonite to swell completely;
• The temperature room is regulated at 20˚C, otherwise a corrections should to be made, according to the for-
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mula (3).
The device consists of a permeameter, for conducting the tests at constant and variable load simultaneously is
presented on the Figure 8.
It includes:
• Four permeability cylindrical cell of 102 mm diameter and 117 mm height.
• A panel of four glass tubes of 17 mm in diameter, which is connected to the four-cell permeability, for the
variable load test.
• A water tank for holding the specimen in the open air cell.
• A tank used to fill the four tubes for precise level (h1).
• Four metal rulers glued to the panel adjacent to the tubes, used to note the different water levels (h2).
4.1.1. Constant Load Test
For a constant load test, the permeability is given by:
K = ( Q Ai )

(1)

where:
K: the permeability (cm/s).
Q: The volume of the water having passed through the sample, during the duration “t”.
A: The sample area (cm²), crossed by water.
i: The hydraulic gradient ( ∆H L ) , with “∆H” held constant , and “L” the mold height.
4.1.2. Variable Load Test
For the variable load test, the permeability is given by:

K=
( cm s ) 2.3

h
a⋅L
× Log 1
A ⋅T
h2

where:
K: The permeability (cm/s);
a: The piezometric tube area (cm2);
A: The sample area (cm2);
L: The mold length (cm);
T: The time to go from h1 to h2 (s);
h1, h2: The successive levels water in the tube during a “T” time.

Figure 8. Photography of the device of the permeability test with a
permeameter of compaction.
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The permeability coefficient depends on the fluid viscosity: when the viscosity increases, the flow decreases,
and vice versa. It is therefore appropriate to bring back the calculated values of permeability K, at a reference
temperature, when the measurements are performed at various temperatures [16].
Conventionally, the coefficient of permeability “K” is given, for a temperature of 20˚C, where the water flows
through the material, and the dynamic viscosity of water is of 1.00 MPa (AFNOR X30-441.2003).

K 20C = KTC

ηTC
η20C

(3)

where:
k20˚C: The permeability coefficient at 20˚C;
kT˚C : The permeability coefficient at the temperature T (˚C);
η20˚C: The dynamic viscosity at 20˚C;
ηT˚C: The dynamic viscosity at the temperature T (˚C).
An empirical relationship established by Helmholtz (1988), expressing the viscosity as a function of the temperature is:

η=

1.78
1 + 0.0337T + 0.00022T 2

(4)

4.2. Hydraulic Conductivity
To highlight the concentration of bentonite—0%, 2%, 4%, 6% and 8%—effect on the water permeability, tests
are carried out on mixtures of compacted sand-bentonite. For each percentage, two samples are tested, where the
corresponding date, time, temperature and pH are noticed. The average duration of an experiment is valued at
twenty days.
The Figure 9 shows the evolution of permeability according to the concentration of bentonite. Indeed, the addition of bentonite decreases permeability, which reached an optimal value at a specific percentage of bentonite,
and varies a little after. The results found from a series of tests, show that for the same sand, permeability is involved by the percentage of bentonite, in other words, the permeability is inversely proportional to the concentration of bentonite. Thus the bentonite has the ability to reduce the permeability. Otherwise, for the studied
mixtures, the lowest permeability is obtained for a concentration of 8% of bentonite Mostaganem (CB) and 6%
of that of Maghnia (SB).
For a starting permeability of 3.93 × 10−5 m/s, of the compacted sand at the optimum+2%, the addition of 8 %
of (CB) reduces the permeability of the mixture to 5.69 × 10−11 m/s, while a permeability of 1.21 × 10−11 m/s, is
achieved with only 6% of (SB). This result is in agreement with the literature [5] [6].

5. Cyclic Wetting-Drying Tests
In order to check the sustainability vis-a-vis the climate constraints (due to climate change), and according to the
method described above, both kinds of the given mixtures having the lower permeabilities, namely the mixture
made with 6% of SB and the one of 8% of CB—through the time (during the lifetime of the landfills)—are now
exposed to four cycles of humidifying-drying, by the measurement of permeability, before and after steaming.
The drying is established by the oven process at 50˚C, (arbitrarily chosen, by the luck of standards, and based on
seasonal variations in our country), to get constant weight.
The Figure 10 illustrates, that the CB loses its adsorption capacity, and therefore its permeability increases
during humidification-drying cycles , this is explained by the calcium nature of this one [17]. Inter alia, the partial exchange of sodium ions by calcium ions, present in solution of the liquid hydration, leads to degradation of
the swelling properties and waterproofing [18]. The degradation of hydration properties, resulting from the application of climatic stress over time (wetting-drying cycles), is much more pronounced for CB. In fact, the drying of the CB leads to a quasi-irreversible aggregation of the particles’ face to face. This mixture loses the much
of its swellability, which leads to the signifive increase of the permeability. Cracks appear in the drying and disappear during the hydration phase, the CB mixture loses its swelling capacity, and hence the self healing ability
decreases. While the SB does not lose its adsorption capacity under cyclic effect, and hence its permeability
keeps values in accordance with the Algerian regulations. In fact, the samples of SB mixing exposed to repeated
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Figure 9. Hydraulic conductivity versus the bentonite content.

Figure 10. The effect of cycles of climatic variation on sand-bentonite mixtures.

wetting-drying cycles, have undergone an increasing of permeability, after the first cycle, after that, the permeability decreases (Figure 10). This is due to several reasons including:
• If the mixture is hydrated and then dried, shrinkage cracks may occur, which affects the permeability of the
1st cycle. These cracks appear during the dried phase and disappear during the re-hydration one. The SB
mixing does not lose completely its swelling capacity, this was confirmed from the second cycle, and therefore it has a self-healing ability [19].
• Given that the SB is used during the drying-humidification cycle, it does not lose its adsorption capacity over
time, and thus its permeability is tested according to the Algerian regulation for different landfill classes.
Considering the sustainable behavior of the compacted SB, only this type of mixture will be used to study the
mechanical behavior.

6. Mechanical Characteristics
Given that the waste storage centers are composed of sealing barriers, to limit the migration of water inside the
waste, and the fluid contaminants to groundwater. These barriers are located on sloping, in deep, or hedges.
They are therefore subjected to shearing forces, which may affect the stability of the system, due to the low
strength at the interfaces of different materials in contact. In order to avoid breakage, or significant deformations,
when the sites are subjected to the maximum loads, it is important to know the ultimate strength of the soil.
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The aim of this part is to determinate the mechanical characteristics (C which is the cohesion and φ the internal friction angle), of the studied above mixtures (compacted S/SB).

Procedure
The box shear test (or direct shear test), is performed according to the standard (NF P 94-071-1). The Direct
shear machine used in our study has a Casagrande box of (60 × 60) mm2. The S/SB mixture is compacted and
clipped using a cutting kit, then placed in the box shear through a manual press. The assembly is introduced into
the shearing unit. Two types of tests are carried out:
The unconsolided-undrained test, (UU) “short term”, where speed of the machine is set to 1 mm/min, so as to
impose a constant horizontal displacement. The machine is started immediately after application of the normal
load, and then the readings are taken (Figure 11).
Regarding the Consolidated-Drained (CD) “long-term” test, where the sample is flooded, then consolidated
under the vertical stress, in the shear apparatus until stabilization “which can last more than 24 hours”. The machine speed is set at 0.002 mm/min, to impose a very slow constant horizontal displacement, between the two
half-boxes, before starting the machine (Figure 12).
For each shear box test type, three normal stresses are used 100, 200 and 300 KPa. The C and φ values are
determined graphically, according the following Mohr-Coulomb equation.

τ = c + σ tanϕ

(5)

where:
C and φ are respectively the cohesion and internal friction angle.

σN =
τ=

N
A
T
A

(6)
(7)

σ N and τ : Respectively, the normal and the shear stress.
N and T: Respectively, the normal and the tangential force.
The Mohr-Coulomb envelope curves, obtained from different direct box shear tests, of the S/SB mixture,
which are compacted at water content of (wop + 2%), are shown on the Figure 13 and Figure 14.
The test results of the direct box shear on the S/SB mixtures, show an increase of the cohesion from 16.3 to 70
KPa for the UU test, and 16.3 to 62 KPa for the CD test, where the percentages of bentonite is in the ranging
from 0 to 8%. In this case, the clay fraction contributes to increase the cohesion, and acts as a binder in filling
the voids between the sand particles (Figure 15). The internal friction angle of the mixture S/SB changes from
39˚ to 24˚, for the UU test and from 39˚ to 33˚ for the CD test. This decrease becomes more pronounce from 4%
of bentonite (Figure 16). This is explained by the increase of the clay fraction, and the decreasing of the sand
fraction (friction generating), first. On the other hand, the water occupies a large part of the mixture’s empty.

Figure 11. The UU shear test device.
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Figure 12. The CD shear test device.
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Figure 13. Mohr-Coulomb straight intrinsic for different percentages of bentonite (UU).
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Figure 14. Mohr-Coulomb straight intrinsic for different percentages of bentonite (CD).
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Figure 15. Evolution of cohesion versus the percentage of bentonite.
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Figure 16. Evolution of the internal friction angle (φ) versus the percentage of
bentonite.

Being incompressible, it absorbs a significant amount of compaction energy, which prevents the particles of the
mixture to adopt a more dense structure [20]. This reduces the inter-granular mixture’s friction, which in their
turn lose contact with each other, when the compaction is carried out on the wet side [21].
The hydraulic conductivity changes in the friction angle, depending to the bentonite content are shown on the
Figure 17. For small percentage of bentonite (<4%), the mechanical behavior is controlled by the sand fraction.
Against by, beyond this value, the sand particles will not anymore be in contact, and the behavior is thus controlled by the bentonite content.
The addition of bentonite led to a low permeability of about 1 × 10−11 m/s, but can create a problem in the
mechanical stability, which leads us to take precautions, for the achievement of the sloping waterproof barriers.
In agreement with the literature, the hydraulic conductivity and friction angle are conversely proportional to the
increasing of bentonite content [7].

7. Conclusion
This work allowed us to experimentally study, the maximum dry density, hydraulic conductivity, durability and
shear strength of different mixtures of S/B. The performed tests on S/B mixtures, allowed us to draw up the fol-
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Figure 17. The hydraulic conductivity and friction angle according to the bentonite percentages.

lowing conclusions:
• The optimal water content of the mixtures depends on the increase of the bentonite concentration.
• A very low value of permeability (of the order of 10−11 m/s), is achieved by introducing of 8% of CB, against
only 6% of SB. This is explained by a high specific area, an index fairly high plasticity, and a high rate of
swelling SB from Maghnia, and therefore a greater adsorption capacity, than CB one from Mostaganem.
• During the “wetting-drying” cycles, an increasing in the permeability of the mixture based on CB is observed,
due to the loss of the swelling capacity and the reduction of the self healing of the CB. Unlike the SB mixtures which exhibit good durability vis-a-vis the climatic variations due to the self healing of this one.
• The adding of the SB to the sand generates a reduction of the friction angle (ϕ) and an increase in the cohesion (C).
• Due to the availability of materials in Algeria, its proper behavior towards mechanical, hydraulic and climatic constraints, the optimal mixture is the one compound of 6% of SB, which bestows a dual economic and
ecological advantage, for waterproofing systems in coverage or at the bottom of the waste disposal centers.
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