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1. Introduction

In the absence of clayey soils, compacted bentonite-enhanced sand (BES) mixtures are attracting greater
attention as suitable material for contaminant barrier systems. The efficiency of these insulated barriers depends
largely on their hydraulic and mechanical behavior. In landfills, as the main function of the liner is to minimize the
movement of water out of the waste disposal facility, BES should satisfy three performance criteria if it is to
perform satisfactorily as a barrier material. It should have low hydraulic conductivity (typically less than 1x107
m/s), should have sufficient strength in order to be stable during construction and operation, and it should not be
susceptible to excessive shrinkage cracking due to water content changes that usually occur during the lifetime of
the landfill [1]. In this study, some important geotechnical and geoenvironmental characteristics of BES mixtures
were investigated. Four BES mixtures with 10, 20, 30 and 40% bentonite content were selected and the hydraulic
conductivity tests, pure diffusion tests, direct shear tests and unconfined compression tests were performed on the
BES samples to examine their suitability as contaminant barrier material.

2. Methodology
2.1. Hydraulic conductivity tests

Four BES mixtures with 10, 20, 30 and 40% bentonite content were chosen for the hydraulic conductivity tests.
For each mixture two, samples were prepared and tested to ensure reproducibility of the results. Fig. 1a shows the
triaxial hydraulic conductivity apparatus with three BES samples in the test cells. The hydraulic gradient and the
lower and upper pressures for each specimen were chosen according to ASTM D 5084-03 standard. The hydraulic
conductivity values were calculated using Eq. (1).

_AQL
Ah.At

k (1
Where £ is the hydraulic conductivity (m/s), AQ is the quantity of flow for given time interval At taken as the
average of the inflow and outflow (m?), L is the height of the specimen (m), 4 is the cross-sectional area of the
specimen (m?), and h is the average head loss across the permeameter/specimen (m).

2.2. Diffusion tests

Two identical diffusion tests were performed for each four BES mixtures with 10, 20, 30 and 40% bentonite
contents, to ensure reproducibility of the results (test series ‘a’ and ‘b’). Tests were numbered from D10a to D40a
for series ‘a’ tests and from D10b to D40b for series ‘b’ tests (see Table 1). The NaCl solution with 4000 mg/L
chloride concentration was poured on top of the specimens and the diffusion experiments commenced.
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(b)

Fig. 1. Hydraulic conductivity and diffusion tests: (a) Triaxial hydraulic conductivity apparatus with three BES samples in the
test cells, (b) Diffusion cells with NaCl samples taken during the diffusion tests.

The duration of tests was about 25 days. Fig. 1b shows a picture view of diffusion cells with NaCl samples taken
from the source reservoirs during the tests. After the termination of each diffusion test, the source solution was
removed and BES sample was extruded from the diffusion cell using a hydraulic jack and sliced into seven sub-
layers of about 1.7 cm thickness. A soil sample was taken from each slice for water content determination and the
remaining soil was squeezed using the pneumatic soil pore-water squeeze apparatus. The chloride concentrations in
all collected NaCl solutions were measured using the Microprocessor pH/Ion Meter (WTW Co., Germany).

2.3. Direct shear tests

For each four BES mixtures with 10, 20, 30 and 40% bentonite content, five specimens were prepared. Three
specimens were tested under 50 kPa normal stress and the remaining two specimens were tested under 100 kPa and
150 kPa normal stresses with the direct shear tests.

2.4. Unconfined compression tests

For each four BES mixtures with 10, 20, 30 and 40% bentonite content, four specimens were prepared. The
unconfined compression tests were performed in a strain controlled state with the strain rate of 1 mm/min. All
samples were loaded until failure occurred.

3. Results and discussion
3.1. Hydraulic conductivity tests

The results indicated that as bentonite content of BES mixtures increased, the hydraulic conductivity decreased
and BES mixture with 40% bentonite content possessed the lowest hydraulic conductivity value (i.e., 1.69x10™"" m/s
and 1.91x10™"" m/s ). Fig. 2 shows the mean hydraulic conductivity values against the bentonite content of BES
mixtures. The addition of more than 20% bentonite to the BES mixture does not have significant effect on
decreasing the hydraulic conductivity of the mixture and 20% bentonite content is an optimum value for the
bentonite content of the BES mixture when used as an alternative material for landfill liner construction. This is due
to the fact that the voids in BES mixture are almost entirely filled with swelled bentonite when the bentonite content
reaches to 20% in the mixture. Other researchers arrived at the same conclusion for similar material [2, 3].
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Fig. 2. The mean hydraulic conductivity against bentonite content of BES specimens
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3.2. Diffusion tests

The results of two series of diffusion tests on BES mixtures are summarized in Table 1.

Table 1. Results of diffusion tests on BES specimens

Parameter Test Numbers
Series a Series b

D10a D20a D30a D40a D10b D20b D30b D40b
Bentonite content (%) 10 20 30 40 10 20 30 40
Soil height (cm) 12.1 12.0 12.1 12.1 12.2 12.1 12.2 12.0
Volumetric water content (cm*/cm?) 0.33 0.32 0.34 0.36 0.33 0.32 0.34 0.36
Degree of saturation (%) 93.0 92.8 93.1 92.0 93.0 92.8 93.1 92.0
Soil background CI” concentration 200 263 263 275 200 263 263 275
(mg/L)
Initial source CI" concentration 3940 3910 3960 3950 3920 3910 3950 3930
(mg/L)
Duration of test (days) 25.1 25.0 252 252 24.7 243 24.5 24.8
CI diffusion coefficient (x10™'" m?/s) 3.1 2.4 1.9 1.6 3.1 2.6 2.1 1.7

3.3. Direct shear tests

The results indicated that as bentonite content of BES mixtures increased, angle of internal friction reduced
while the cohesion increased and finally the shear strength of BES mixtures decreased. The values of shear strength
parameters of @ and C were 47.4° and 2.8 kPa for pure sand, respectively, and 10.3° and 58.8 kPa for BES mixture
with 40% bentonite content, respectively.

3.4. Unconfined compression tests

The average values of unconfined compression strength for four samples of each BES mixture were calculated
they indicated that the increase of bentonite content up to 30% in the mixture, resulted in substantial increase of the
unconfined compression strength. The maximum unconfined compression strength of 86.3 kPa belongs to BES
mixture with 30% bentonite conten.

4, Conclusions

The hydraulic conductivity and pure diffusion tests showed that the bentonite has potential effect on the
reduction of hydraulic conductivity and chloride effective diffusion coefficients of BES mixtures. The results of
direct shear tests showed that adding bentonite has negative effect on shear strength of BES mixtures. The
unconfined compression tests indicated that as the bentonite content of BES mixtures increased up to 30%, the
strength increased to a maximum value. Between four different BES mixtures, the BES mixture with 20% bentonite
and 80% sand is the optimum and economical choice as landfill liner material. The summary of the mean values of
the geotechnical and geoenvironmental properties of the above BES mixture is as follows: the optimum water
content = 16%, the maximum dry unit weight = 17.5 kN/m’, the hydraulic conductivity = 1.24x10™'° m/s, the
effective diffusion coefficient = 2.5x10™'° m%/s, the shear strength under 50 kPa normal stress = 74.5 kPa, and the
unconfined compression strength = 72.1 kPa.
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