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Abstract. Compacted tropical soils have great potential to be used in barriers, once some technical issues are correctly ad-
dressed, including low hydraulic conductivity and compatibility to the disposed fluids. This paper involves a laboratorial
study of the hydraulic conductivity of mixtures of a tropical soil sample and bentonite and also their compatibility to differ-
ent chemical solutions. The experimental program consisted of (1) sample characterization, (2) hydraulic conductivity de-
termination using a triaxial cell, and (3) compatibility assessment with different chemical solutions (HNO3, NaOH, NaCl,
and ethanol) using the modified Atterberg Limits. The characterization results revealed important changes in the index
properties of the tropical soil sample as the result of the bentonite addition, especially in the plasticity, cation exchange ca-
pacity and free swelling. The hydraulic conductivity, in turn, experimented significant decreasing as the proportions of
bentonite and confining pressure increased. The compatibility results showed a significant reduction in the plasticity of the
samples when subjected to the chemical solutions, especially for the salt solution. In general terms, the addition of benton-
ite reduced the compatibility of the samples.
Keywords: tropical soils, bentonite, hydraulic conductivity, compatibility, compacted clay barriers.

1. Introduction

Compacted clay barriers are widely used for waste
containment throughout the world, including domestic, in-
dustrial, health-care and radioactive refuse. Base liners,
also called compacted clay liners (CCL), are intended to
isolate the waste from the nearby environment, especially
groundwater. Additionally, cover systems of compacted
clay are designed to reduce the rain infiltration, decreasing
the leachate generation inside the refuse (Rowe, 2001;
Farnezi & Leite, 2007; Chalermyanont et al., 2009).

A CCL mainly works by reducing the hydraulic con-
ductivity (k) and by retarding the migration of contaminant
through sorption mechanisms (Daniel & Benson, 1990;
Benson et al., 1994; Allen, 2001; Egloffstein, 2001; Ko-
mine, 2004). So, suitable materials for CCL construction
must fulfill technical requirements mainly represented by
low k values, 10-9 m/s as an example, and high sorption ca-
pacity. Other issues play also an important role, such as low
compressibility and long term performance. In adittion, the
maintenance of the barrier properties when in contact with
the waste liquids, called compatibility, should be consid-
ered (Eklund, 1985; Bouazza, 2002).

Due to their wide distribution over the globe, tropical
soils have a great potential to be used in these compacted
barriers, once some technical and economical requirements
are satisfied. The origin of tropical soils is related to hot and
humid climates, and vast extensions of these soils cover
some old plateaus of South America, Africa and other tropi-

cal parts of the world. Their occurrence is characterized by
thick and relative homogeneous weathering profiles as the
result of advanced weathering. Their typical composition is
quite peculiar, comprising quartz, Fe-Al oxides/hydroxides
and kaolinite clay, which makes them not as active as most
of the soils of cold and temperate climates.

Additionally, some authors such as Pandiam et al.
(1993), Cozzolino & Villibor (1993) and Fernandes (2005)
consider that some conventional geotechnical soil classifi-
cation systems do not give satisfactory results for tropical
soils. They attribute this discrepancy to some specific prop-
erties of the tropical soils such as: 1) soil aggregation,
which may exert influence on the grain size analysis and
Atterberg Limits; 2) surface chemistry: alkaline conditions
may originate positive charges on the solid surface, which
increases the interfacial tension and capillarity; 3) silt plas-
ticity, originated by large crystals of kaolinite and mica and
4) pore configuration: some soils from tropical climates ex-
hibit large voids as the result of flocculation and grain frag-
mentation, which may alter grain size distribution and soil
saturation conditions.

In spite of their extensive occurrence, sometimes tro-
pical soils do not attend the low k conditions required for
barrier construction, because of its aggregate nature. Coz-
zolino & Villibor (1993) mention the aggregate (soil peds)
and porous nature of tropical soils, resulting in high hydrau-
lic conductivities. Besides, due to their low activity, the po-
tential of retarding contaminants is restricted.
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Bentonite clays are well known by their large swell-
ing, high cation exchange capacity (CEC) and sorption ca-
pacity, high plasticity and low hydraulic conductivity
(Laird, 2006; Jan et al., 2007). Thus, bentonite can be a po-
tential additive to reduce the permeability and increase the
sorption capacity of tropical soils. The results presented by
Anderson & Hee (1995), Osinubi & Nwaiwu (2002), Far-
nezi & Leite (2007), Nayak et al. (2007) and Sunil et al.
(2009) confirm this potentiality.

Some papers have assessed the addition of bentonite
to natural sands for reducing the hydraulic conductivity,
such as Chapuis (1990), Keeney et al. (1992), Sivapullaiah
et al. (1998), Stewart et al. (2003), Ebina (2004) and Ko-
mine (2004). Other papers describe laboratory studies to in-
vestigate the possible changes in the properties of soils
from cold and temperate climate when exposed to different
chemical solutions (Bowders & Daniel, 1987; Madsen &
Mitchell, 1989; Budhu et al., 1990; Shackelford, 1994;
Shackelford et al., 2000; Jo et al., 2001; Roque & Didier,
2006; Yamaguchi et al., 2007; Castellanos et al., 2008;
Katsumi et al., 2008; Smiles, 2008; Cuisinier et al., 2009;
Kinsela et al., 2010). Therefore, it is latent the need of a
more specific research on the hydraulic properties of tropi-
cal soils and their long term performance (compatibility) to
different liquids.

This paper investigates a tropical soil sample and its
mixtures with bentonite in the proportions of (dry weight
basis) 3, 6, 9 and 12% of this additive. The experimental
program was mainly intend to elucidate the following is-
sues: (1) the actual effect of the bentonite addition to the
geotechnical and physico-chemical properties of the tropi-
cal soil sample, which was achieved by an extensive char-
acterization; (2) the possible reduction in the k value, as-
sessed through permeability tests using a flexible wall
permeameter (triaxial cell) and (3) the compatibility of the
soil samples when exposed to different chemical solutions
(HNO3, NaOH, NaCl e ethanol) by means of the evaluation
of modified Atterberg limits and modified free-swelling
test.

2. Sample Preparation

The bentonite sample used in the tests is commer-
cially called BRASGEL, and according to the manufacturer
it came from the state of Paraíba, northeastern Brazil. In
turn, the tropical soil sample was collected on a soil outcrop
by the road that connects the cities of Mariana and Ponte
Nova, in the state of Minas Gerais, southeastern Brazil. In
the field, the reddish weathering profile was quite thick and
homogeneous. Soil peds and blocky structure dominate the
outcrop.

The proportions of bentonite used to compose the
mixtures were defined according to previous work, such as
Anderson & Hee (1995); Gardner & Arias (2000); Ryan &
Day (2002); Farnezi & Leite, (2007); Jan et al. (2007). In

this way, the following denominations and proportions are
given (dry weight basis):
• SN: 100% natural soil;
• SN03: 97% natural soil + 3% bentonite;
• SN06: 94% natural soil + 6% bentonite;
• SN09: 91% natural soil + 9% bentonite;
• SN12: 88% natural soil + 12% bentonite;
• BB: 100% bentonite.

The sample preparation for the characterization and
compatibility tests was guided by the Brazilian standard
NBR-6457 (ABNT, 1986). The samples were firstly dried
at room temperature, and then homogenized, sieved and re-
duced. The samples used in the hydraulic conductivity tests
were compacted under Proctor Energy as indicated by
NBR-7182 (ABNT, 1986), with the moisture content
around 2% above the optimum. After compaction they
were cut and trimmed to a diameter of 5 cm and 10 cm
height.

3. Sample Characterization

3.1. Procedures

Physico-chemical properties (pH, electrical conduc-
tivity of aqueous extract, cation exchange capacity and spe-
cific surface) and geotechnical properties (grain size distri-
bution, liquid limit, plastic limit, specific gravity of solids,
optimum moisture content and maximum dry unit weight)
were determined for the natural soil, bentonite and mix-
tures, following the references listed in the Table 1.

According to Camargo et al. (1986), the sample pH
can be determined in a suspension of 1:2.5 soil/solution
ratio, and the electrical conductivity (EC) is measured in
the water extract of a suspension of 1:1 soil/solution ratio.
The CEC and specific surface (SS) of the fraction passed
through the 2 mm sieve were estimated using the method
of blue methylene adsorption on a filter paper (Pejon,
1992).
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Table 1 - References used for sample characterization.

Properties References

Grain size distribution ABNT-NBR7181 (1984)

Liquid limit (�L) ABNT-NBR6459 (1984)

Plastic limit (�P) ABNT-NBR7180 (1984)

Specific gravity of solids (Gs) ABNT-NBR6508 (1984)

Optimum moisture content (wot) and
maximum dry unit weight (�dmax)

ABNT-NBR7182 (1986)

pH determination in H2O (pHH2O)
and KCl solution (pHKCl)

Camargo et al. (1986)

Electrical conductivity of aqueous
extract (EC)

Camargo et al. (1986)

Cation exchange capacity (CEC)
and specific surface (SS)

Pejon (1992)



X-ray diffraction was used to determine the mineral-
ogy of the samples that passed through the 0.075 mm sieve
under the conditions of: cupper tube; rotation angles of 2 to
70° and velocity of rotation from 1 to 2° per second. For
that, oriented thin sections were confectioned and submit-
ted to ethylene glycol solvation and heating to 550 °C for
4 h.

The lateritic character of the tropical soil sample (SN)
was investigated using a Modified MCT Classification
(Vertamatti, 1988). For that, the Brazilian standards
DNER-M256-94 and DER-M196-89 were applied.

3.2. Results

As can been seen in Fig. 1, the SN sample was classi-
fied as transitional clayey in the modified MCT classifica-
tion system (Vertamatti, 1988), which refers to a transi-
tional field between lateritic and non-lateritic. On the other
hand, the outcrop conditions in which the sample was col-
lected, characterized by a dark reddish color and deep/ho-
mogeneous weathering profile, clearly indicates that late-
rization is occurring.

The grain size distribution of all the samples is pre-
sented in Table 2. It is interesting to notice that the addition
of bentonite had no influence on the clay fraction of the SN
sample, despite its high content of clay (see BB sample in

Table 2). It is supposed that addition of bentonite has pro-
moted the aggregation or flocculation of the silt and sand
grains size of the natural soil (SN sample), which “in-
creases” the “size” of the grains even under the influence of
the deflocculating agent (sodium hexametaphosphate,
45.7 g/L). This aggregation could be noticed by a visual in-
spection in the laboratory.

Some other properties are presented in the Table 3. As
was expected, the BB sample showed high values of plas-
ticity, activity, pH, EC, CEC and SS . In turn, the SN sample
presented acidic pH and a �pH around zero (slightly posi-
tive), which is quite common for tropical soils.

The influence of the bentonite addition on the Atter-
berg Limits, CEC and SS is demonstrated on Figs. 2 and 3,
respectively. Figure 2 shows that the increase in the Plastic
Index with the bentonite content was quasi-linear
(R2 = 0.983), mainly influenced by the increase in the Liq-
uid Limit. CEC and SS , in turn, experimented a significant
increase with the bentonite addition (Fig. 3).
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Table 2 - Grain size distribution of the samples.

Grain-size analysis1 Sample

SN SN03 SN06 SN09 SN12 BB

Clay (%) 42 42 42 42 42 91

Silt (%) 6 3 6 6 6 9

Fine sand (%) 6 13 10 8 10 0

Medium sand (%) 36 30 32 32 32 0

Coarse sand (%) 8 10 8 10 8 0

Gravel (%) 2 2 2 2 2 0

1Grain-size scale of the Massachusetts Institute of Technology.

Figure 1 - Modified MCT classification of the SN sample (abacus
as Vertamatti, 1988). Figure 2 - Atterberg limits (�L, �P, PI) with bentonite addition.



Figure 4 shows the compaction curves for all the sam-
ples. It is clear the influence of the bentonite addition on the
compaction behavior, increasing the wot and decreasing
�dmax.

The x-ray diffraction analysis of the SN sample has
showed a mineralogy predominantly composed of kaoli-
nite, gibbsite, hematite and goethite, which is typical for
tropical soils. Additionally, the BB sample was mainly
composed of smectite, with small amounts of kaolinite,
quartz and mica, as shows Figs. 5 and 6.

The high content of aluminum (Al2O3 = 15.4%) and
iron (Fe2O3 = 26.7%) of the SN sample indicates that exten-
sive leaching (laterization) took place in the soil formation.
On the other hand, the percentage of silica (39.2%) is tran-
sitory between lateritic and non-lateritic soils.

4. Hydraulic Conductivity

4.1. Procedures

The hydraulic conductivity (k of the samples was de-
termined using a flexible wall permeameter (triaxial cell).
The test methods were based on the suggestions of Head
(1986), involving backpressure saturation and pre-consoli-
dation of the samples of 5 cm in diameter and 10 cm high.
Sample saturation was obtained by backpressure to a limit
of 300 kPa and saturation was considered fulfilled when the
B parameter reached a minimum of 0.94. After these proce-
dures are completed, samples were percolated under con-
stant head of 50 kPa.

Hydraulic conductivity testing was not performed in
the bentonite due to the difficulties faced in compacting,
shaping and saturating this sample.

The schematic of the apparatus used in the tests is de-
picted on Fig. 7. Pressure application systems were in-
stalled at the base (p1) and over the top (p2) of the soil
specimens, along with the confining pressure system (�3).
A transducer for pore pressure (u) monitoring and an elec-
tronic gage for flow measures were coupled to the triaxial
cell. Anderson and Hee (1995), Shackelford et al. (2000),
and Ahn & Jo (2009) have obtained satisfactory results
with similar equipment.

The consolidation effective stresses of 20, 40 to
80 kPa have been applied as an attempt to simulate field
pressures on CCL induced by municipal solid waste
(MSW). The void ratio (e) during consolidation was esti-
mated through the Eq. 1.

e e e
V

V
� � �0 0

0

1( )
�

(1)

where �V is the volume variation of the sample, V0 is its ini-
tial volume and e0 is its initial void ratio.

Flow was imposed to the soil specimen by the appli-
cation of a p1 of 300 kPa, while p2 was kept constant at
250 kPa. These conditions have produced a hydraulic head
of 50 kPa and a hydraulic gradient (i) in the order of 50. It is
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Table 3 - SN and BB sample properties.

Property Sample

SN BB

Liquid Limit - �L (%) 51.9 682.5

Plastic Limit - �P (%) 29.6 90.6

Plasticity Index - PI (%) 22.3 591.9

Activity 0.53 6.50

Specific gravity of solids - Gs (Mg/m3) 2.840 2.452

pH in H2O - pHH2O 5.15 9.92

pH in KCl solution - pHKCl 5.21 8.77

�pH = pHKCl - pHH2O
0.06 -1.15

Electrical conductivity - EC (mS/cm) 0.05 1.30

Cation Exchange Capacity - CEC
(cmol/kg)

6.9 99.4

Specific Surface - SS (m-1) 1.53x104 1.90x105

Figure 3 - Specific surface (SS) and Cation Exchange Capacity
(CEC) of the SN sample with bentonite addition.

Figure 4 - Compaction curves of all the samples.



recognized that this gradient is very high when compared to
ordinary field conditions (gradients of 3 or less), however it
was necessary for operational reasons, since very low hy-
draulic conductivities are expected for compacted clay
samples.

Equation 2 (Darcy Law) was used for k [m/s] calcula-
tion when the flow conditions were stable. This stability
was considered when the discharge, Q [m3], was linear over
the time, t [s].

k
Q

Ait
K� �

	



(2)

where A is the soil cross sectional area, K [L2] the soil intrin-
sic permeability, 	 [ML-3] the fluid unit weight and 


[ML-1T-2] the fluid dynamic viscosity.
Some aspects of the tests are pointed out: (1) because

of operational reasons - difficulties in the compaction,
molding, saturation and consolidation, the hydraulic con-
ductivity of the BB sample was not measured. Anyway, all
the characteristics of this sample illustrated on Figs. 2 and 3
(high clay content, high plasticity, high activity etc) have
lead to the conclusion that it really is a quasi impermeable
material; (2) porous stones placed at the base and top of the
soil specimen prevented fine percolation; (3) the rule �3 > p1

> p2 has been obeyed to avoid the sample liquefaction in-
duced by pore pressure increase; (4) the reported k results
(see item 4.2) is an arithmetic average of 3 measures.

4.2. Results

All the hydraulic conductivity results are presented in
Table 4. In this table ki refers to the k value of each soil
specimen under different confining pressure, ka refers to the
arithmetic average of the three measures, and the Dif.k pa-
rameter represents a percentage difference of the ki value
relative to the average ka according to the Eq. 3.

Dif k
k k

k
i a

a

. (%) �
�

�100 (3)

It can be noticed that the Dif.k parameter increases to-
wards the highest contents of bentonite. This may be a con-
sequence of the reduction of k, once the difficulty to mea-
sure very small flow volumes increases.

The dispersion of the Dif.k parameter can be evalu-
ated by the standard deviation and the average deviation
presented in Table 5. At first sight, these values seem to be
quite high, with standard deviation of more than 14%. Con-
sidering the natural inaccuracy involved in the determina-
tion of k in laboratory, this dispersion can be viewed as
ordinary. Once more the influence of the bentonite is appar-
ent, since the greatest dispersions occur for the samples
with more bentonite.

The reduction of the k values with the bentonite addi-
tion under increasing confining pressure is better demon-
strated by the Fig. 8 and Table 6. This reduction was more
expressive for the lower bentonite contents and for the
higher values of �3. This trend is corroborated by the ka/kSN

index presented on Table 6.
As mentioned in the literature, the value of k = 10-7

cm/s attend most of the regulations over the world as the
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Figure 5 - X-ray diffraction analysis of the SN sample.

Figure 6 - X-ray diffraction analysis of the BB sample.

Figure 7 - Schematic of the apparatus used in the hydraulic con-
ductivity tests.



minimum k for CCL construction (Anderson & Hee, 1995;
Mulligan et al., 2001; Allen, 2001). Figure 9 demonstrates
that this value was achieved for 3% of bentonite (SN03
sample) under a confining pressure of 40 kPa. Higher ben-
tonite content and �3 reduced the k values even more.

The influence of the soil void ratio (e) and specific
surface (SS) on the hydraulic conductivity was evaluated
through Figs. 10 and 11. This relation is expressed in the
well known Kozeny-Carman Eq. 4, which assumes that C is
a dimensionless factor that takes into account the shape and
tortuosity of the soil channels (Carrier, 2003). This equa-

tion incorporates also the fluid parameters 	 and 
 (see
Eq. 2).

k
C

e

e SS
�

�



��

�

�
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�



�
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�

�
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��

	




1

1

3

2( )( )
(4)

The plot of void ratio and e3/(1+e)SS2 vs. k , as respec-
tively depicted on Figs. 10 and 11, shows that the best fit
equations are non-linear (2nd order polynomials). These re-
sults corroborate many authors, such as Carman (1937,
1939) and others, who recognize this non-linearity for fine
grained materials, as in the present case. On the other hand,
Chapuis & Albertin (2003) provide a comprehensive study
for the application of the Kozeny-Carman equation, and
conclude that this equation may give reasonable estima-
tions for all kind of soils, including silts and clays.

Figure 11 is important not only because it shows the
behavior of the hydraulic conductivity for the studied soil,
but also because it suggests that the first term in the Koze-
ny-Carman equation (	/
C) is not a constant composed by
properties of percolating fluid (	/
) and soil (C) constants,
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Table 6 - ka/kSN values.

ka/kSN Sample

SN SN03 SN06 SN09 SN12

�3 = 20 kPa 1.000 0.107 0.022 0.010 0.007

�3 = 40 kPa 1.000 0.108 0.019 0.008 0.004

�3 = 80 kPa 1.000 0.087 0.014 0.004 0.002

Table 5 - Standard deviation and average deviation of the parameter Dif. k

Index Sample

SN SN03 SN06 SN09 SN12

Standard deviation 4.94% 8.14% 12.51% 12.88% 14.32%

Average deviation 3.80% 6.59% 9.99% 10.86% 11.91%

Table 4 - Hydraulic conductivity results and the parameter Dif. k.

Sample Parameter �3 = 20 kPa �3 = 40 kPa �3 = 80 kPa

Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3

ki (cm/s) 1.61E-06 1.79E-06 1.82E-06 1.07E-06 1.14E-06 1.24E-06 8.24E-07 8.02E-07 7.96E-07

SN ka (cm/s) 1.74E-06 1.15E-06 8.07E-07

Dif.k (%) -7.59% 3.17% 4.42% -6.73% -0.71% 7.44% 2.09% -0.66% -1.42%

ki (cm/s) 2.1E-07 1.8E-07 1.7E-07 1.3E-07 1.3E-07 1.2E-07 7.6E-08 7.4E-08 6.2E-08

SN03 ka (cm/s) 1.8E-07 1.2E-07 7.0E-08

Dif.k (%) 12.48% -2.21% -10.27% 0.95% 4.27% -5.22% 7.16% 4.81% -11.97%

ki (cm/s) 3.9E-08 4.5E-08 3.3E-08 2.1E-08 2.5E-08 1.9E-08 1.1E-08 1.3E-08 9.4E-09

SN06 ka (cm/s) 3.9E-08 2.1E-08 1.1E-08

Dif.k (%) -0.81% 14.73% -13.92% -2.78% 15.86% -13.08% 0.13% 14.24% -14.37%

ki (cm/s) 1.4E-08 1.6E-08 2.0E-08 9.5E-09 7.3E-09 9.0E-09 2.8E-09 3.5E-09 2.9E-09

SN09 ka (cm/s) 1.7E-08 8.6E-09 3.0E-09

Dif.k (%) -16.41% -2.95% 19.36% 10.75% -15.34% 4.59% -8.15% 14.16% -6.01%

ki (cm/s) 9.7E-09 1.1E-08 1.3E-08 4.7E-09 3.3E-09 4.9E-09 1.1E-09 1.4E-09 1.2E-09

SN12 ka (cm/s) 1.1E-08 4.3E-09 1.2E-09

Dif.k (%) -13.16% -5.81% 18.97% 9.02% -23.79% 14.78% -9.39% 10.84% -1.45%



but rather a non-linear term, which depends upon the
fluid/soil interaction.

In addition, it is worth to point out that the plot of k1/2

vs. 1/PI2 (Fig. 12) is quite linear, as demonstrated by the
high values of the determination coefficients (R2).

The result presented in Fig. 12 suggests a fourth order
inverse proportionality between the hydraulic conductivity
and the plasticity index (k � 1/PI4), which justifies the study
of the compatibility of the samples under the effect of dif-
ferent solutions, as presented in Chapter 5. As an example,
a decrease of 50% in PI would produce an increase of 16
times in k .

5. Compatibility Tests

5.1. Procedures

Compatibility can be defined as the ability of a soil to
maintain its original properties after being inundated with
different chemical solutions. The long term performance of
a CCL strictly depends upon the compatibility (Shackel-
ford, 1994).

Some papers such as Jo et al. (2001), Stewart et al.
(2003), Laird (2006), Katsumi et al. (2008), Castellanos et
al. (2008) and Chalermyanont et al. (2009) describe com-
patibility studies by using laboratory tests to evaluate the
influence of different chemical solutions over soil sample.
Most of them refer to the diffusion double layer theory to
explain the soil behavior, as well explicated by Mitchell
(1993).
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Figure 8 - Hydraulic conductivity (k) vs. bentonite content.

Figure 9 - Hydraulic conductivity (k) of the samples under differ-
ent confining pressures.

Figure 10 - Hydraulic conductivity (k) vs. void ratio (e) under dif-
ferent confining pressures.

Figure 11 - Hydraulic conductivity (k) vs. e3/(1 + e) SS2.

Figure 12 - Root of hydraulic conductivity (k1/2) vs. (1/PI2).



In this paper, the compatibility of the samples was as-
sessed in two ways: (1) determination of modified Atter-
berg Limits for all samples (Shackelford, 1994; Bouazza et
al., 2007) and (2) determination of the modified free-
swelling index (FS) for pure bentonite (BB sample). Free-
swelling tests were not performed in mixtures by the fact
that these samples do not expand enough to a satisfactory
inquiry. The term “modified” refers to the fact that other so-
lutions besides water have been used in the tests. These so-
lutions were: nitric acid (HNO3 - pH 3); sodium hydroxide
(NaOH - pH 11); sodium chloride (NaCl - 5 g/L) and etha-
nol P.A. These solutions may represent some of the most
aggressive conditions that a CCL can face in the field.

The modified Atterberg Limits �L and �P were deter-
mined according to the standards ABNT-NBR6459/84 and
7180/84. The Incompatibility Index (IC), as defined in
Eq. 5 (Farnezi & Leite, 2007), was used to evaluate the in-
compatibility (inverse of compatibility) of the samples. Ac-
cording to this equation, the higher the IC value, the higher
the incompatibility of the soil sample upon the soil solution
being tested.

IC
PI PI

PI

w f

w

(%) �
�

�100 (5)

Being PIw the plastic index with water and PIf the
plastic index with the analyzed fluid.

In turn, the modified free-swelling test (FS) consisted
of adding gradually (over 30 min) 1 g (dry weight) of ben-
tonite on a graduate test tube filled with 100 mL of distilled
water or chemical solution. The FS index [mL/g] is deter-
mined by direct inquiry in the test tube after 24 h (no agita-
tion) and 48 h (after agitation). This procedure is known
worldwide as Foster swelling (Foster 1953, Laird, 2006,
Ferreira et al., 2008, Delbem et al., 2010).

5.2. Results

Figures 13, 14 and 15 show the Atterberg limits of the
SN sample with the increasing bentonite content for the dif-
ferent solutions. An increase in the �L was noticed for all
the solutions as the bentonite content increases (see
Fig. 13), while �P was more stable, exception made for the
proportion of 12% of bentonite (Fig. 14). Figure 13 also
demonstrates that, relative to water, all the solutions re-
duced �L in the following order: NaCl > HNO3 > NaOH >
ethanol. As expected, the plastic index curves (Fig. 15) are
very similar to those of �L (Fig. 13). Table 7 presents the re-
sults of modified Atterberg limits for the bentonite sample
(BB).

Figure 16 curves depict increasing rates of IC with the
growing proportions of bentonite, which may be inter-
preted as a negative effect of the bentonite on the compati-
bility of the samples. This negative effect is less noticeable
for the NaCl and ethanol curves. In fact, the SN sample is
very sensitive to NaCl solution even without any bentonite

content. Additionally, the NaOH and HNO3 curves have
similar behavior, approaching the NaCl curve at the highest
bentonite contents (9-12%).

The bentonite free swelling (FS) results for different
solutions are depicted on Fig. 17, including the 24-hour
(without agitation) and 48-hour tests (with agitation). All
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Figure 13 - Liquid limit (�L) vs. bentonite content for different
chemical solutions.

Figure 14 - Plastic limit (�P) vs. bentonite content for different
chemical solutions.

Figure 15 - Plastic index (PI) vs. bentonite content for different
chemical solutions.



the solutions reduced FS relative to water in the following
order: H2O > HNO3 > NaOH > NaCl > Ethanol. The ethanol
and NaCl influence on FS is easily associated to the con-
traction of the double diffuse layer (DDL) of the clay min-
erals. The ethanol effect, in turn, is due to its low dielectric
constant (24.3) relative to water (80) (see Acar & Olivieri,
1989). For NaCl, the DDL contraction under high salt con-
centrations is well known (Mitchell, 1993).

Exception made to water and NaCl, the 48-hour tests
reduced FS relative to the 24-hour tests, which may be re-
lated to the thixotropic nature of bentonite clay.

6. Conclusions

The main conclusions of the flow studies are summa-
rized as follows:
• The addition of bentonite as well as the increase in the

confining pressure has led to a significant reduction in
hydraulic conductivity. For instance, 12% of bentonite
(SN12 sample) reduced k approximately a thousand
times in relation to 0% of bentonite (SN sample) at a con-
fining pressure of 80 kPa. This reduction is potentially
increased at higher confining pressures;

• The criteria of k = 10-7 cm/s as the minimum k for safe
barriers was achieved at bentonite contents of 4.5%
(�3 = 20 kPa), 3.5% (�3 = 40 kPa) and 2.5% (�3 = 80 kPa);

• The reduction in k even for higher porosity/void ratios
suggests that the adsorbed water did not contributed to
the overall flow;

In terms of compatibility, the following conclusions
are highlighted:
• Relative to water, all the solutions reduced the plasticity,

reflected by the �L and PI values, in the following order:
NaCl > HNO3 > NaOH > ethanol;

• Except for the NaCl solution, the compatibility of the
samples reduces as the bentonite content increases, as
demonstrated by the increase in the Incompatibility In-
dex (IC);

• The free swell tests of the bentonite indicate the follow-
ing order of impact: ethanol > NaCl > NaOH > HNO3.
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Symbols


: fluid dynamic viscosity
	: fluid unit weight
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A: soil cross sectional area
BB: bentonite sample
C: dimensionless factor of tortuosity of the soil
CEC: cation exchange capacity
Dif.k : difference of the ki value relative to the average ka

e: void ratio
e0: initial void ratio of sample
EC: electrical conductivity of aqueous extract
FS: free-swelling index
Gs: specific gravity of solids
i: hydraulic gradient
IC: Incompatibility Index
k: hydraulic conductivity
K: soil intrinsic permeability
ka: k value of arithmetic average of the three measures
ki: k value of each soil specimen
kSN: k value of natural soil sample
p1: pressure application systems at the base of the soil speci-
mens

p2: pressure application systems at the over the top of the
soil specimens
PI: plasticity Index
PIf: plastic index with the analyzed fluid
PIw: plastic index with water
Q: discharge
SN03: natural soil sample with 3% of bentonite
SN06: natural soil sample with 6% of bentonite
SN09: natural soil sample with 9% of bentonite
SN12: natural soil sample with 12% of bentonite
SN: natural soil sample
SS: specific surface
SS: specific surface
u: pore pressure
V0: initial volume of sample
wot: optimum moisture content
�V: volume variation of the sample
�dmax: maximum dry unit weight
�3: pressure system
�L: liquid limit
�P: plastic limit
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