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Abstract. Clays are used for the construction of waste containment barriers,
mainly because of its low hydraulic conductivity. In general, at several places, it
may not be possible to obtain the clay satisfying the essential requirements as a
liner material. Hence at many places commercially available bentonites is often
used for the construction of clay liners. Bentonite undergoes significant changes
in volume upon saturation. Several physical and chemical stabilization methods
are in practice to stabilize the bentonite. Previous studies report that contaminants
with high concentrations attack the clay minerals leading to an increase in their
permeability. Exfoliated vermiculite, finds several applications in construction
industry, and it is also found to be good absorbent material. Hence this study has
been carried out to find the optimal percentage of vermiculite that can be added to
the bentonite so that it satisfies the essential requirements of clay liners and it can
also absorb the heavy metals from the contaminants. The tests for index prop-
erties and engineering properties of bentonite-vermiculite mixtures were per-
formed. The test results show that 30% of vermiculite can be added to bentonite,
so that the essential requirements of the liner can be maintained.

1 Introduction

Bentonite, a commercially available clay, is commonly used in the construction of
hydraulic barriers because of its very low hydraulic conductivity. Bentonite, composed
of montmorillonite clay mineral, undergoes significant changes in volume because of
which it fails to control the migration of leachate present in the dumped wastes. In
order to minimize the volume change attributes several stabilization techniques are
adopted, most popular being sand-bentonite mixtures. In sand-bentonite mixtures, sand
is added to bentonite to a certain percentage so that the essential requirements for use as
landfill liners are maintained. These requirements include permeability equals to or less
than 10−7 cm/s, finer fraction greater than 30%, plasticity index greater than 10% and
cation exchange capacity (CEC) greater than 10 meq/100 g (Daniel 1993; Rowe et al.
2004). Extensive research has been carried out on sand-bentonite mixtures and many

© Springer International Publishing AG, part of Springer Nature 2019
M.-C. Weng et al. (eds.), Current Geotechnical Engineering
Aspects of Civil Infrastructures, Sustainable Civil Infrastructures,
https://doi.org/10.1007/978-3-319-95750-0_10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95750-0_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95750-0_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95750-0_10&amp;domain=pdf


correlations are available with several geotechnical properties (Stern and Shackelford
1998). Al-Rawas et al. (2006) reported that bentonite mixed with 20% sand showed
very low hydraulic conductivity but the hydraulic conductivity of sand-bentonite
mixture increased drastically under the permeation of chemical solutions. However due
to desiccation, the bentonite present in the liner shrinks resulting in an increase in the
hydraulic conductivity of the liner (Mukherjee and Mishra 2017). Several studies
evaluated the use of various additives such as lime, cement, fly ash, etc. to control
desiccation cracking. Initial results of these studies indicated that soil shrinkage
reduced, but in many cases the additives resulted in an increased hydraulic conductivity
with a decrease in soil plasticity.

Vermiculite, an interesting clay mineral, found in many parts of the world, belongs
to 2:1 phyllosilicate mineral, composed of hydrated magnesium-aluminium-iron sheet
silicates containing water molecules within the layered structure (Mitchell and Saga
2005). This vermiculite when heated between 870 and 1100 °C, the internal structure
gets disturbed and the volume expands to several times that of the original material. This
process is known as exfoliation (Marcos and Rodriguez 2014). This exfoliated vermi-
culite becomes light in weight under the exfoliation process with good thermo-insulating
properties. Exfoliated vermiculite is used in making light-weight concrete (Silva et al.
2010), thermal insulations (Abidi et al. 2015) and also extensively used as a good
adsorbent material instead of activated carbons in the removal of heavy metals because
of its high CEC and reactive surfaces. Vermiculite as an absorbent has been studied for
the removal of Mercury (Do Nascimento and Masini 2014), Chromium (Sis and Uysal
2014; Dultz et al. 2012), Zinc (Sis and Uysal 2014), Cadmium (Mathialagan and
Veeraraghavan 2003) and even dyes from textile industries (Mysore et al. 2005; Duman
et al. 2015; Da Fonseca et al. 2006, Marcos and Rodriguez 2014). As the exfoliated
vermiculite is found to be an effective and excellent material used for the removal of
heavy metals from the waste disposal, this paper is aimed at investigating the potential
use of exfoliated vermiculite-bentonite mixtures instead of sand-bentonite mixtures as a
landfill liner, so that it can absorb the heavy metals in the leachate as well as it can
stabilize the volume change attributes of bentonite. The main objective of the study was
to investigate the potential use of bentonite vermiculite mixtures. The present study
focuses on permeability characteristics as well as swelling and shrinkage characteristics
of bentonite with the addition of various percentages of exfoliated vermiculite. One of
the main objective is to determine the optimum percentage of bentonite vermiculite
mixture so that the essential requirements of compacted clay liner can be maintained.

2 Experimental Investigation

2.1 Test Materials

Commercially available sodium bentonite was used in the present study. Various
properties of the bentonite have been determined and reported in Table 1. Exfoliated
vermiculite of particle size in the range of 1–4 mm was used in the present study. The
various physical and chemical properties of the vermiculite supplied by the manufac-
turer are reported in Table 2. The SEM analysis has also been carried out on exfoliated
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vermiculite sample. Figure 1 shows the SEM image of exfoliated vermiculite. Cation
Exchange Capacity was determined for both bentonite and vermiculite using methyl
blue test. The CEC is found to be 14 meq/100 g for bentonite and 16 meq/100 g for
vermiculite. The CEC of the vermiculite is more when compared to bentonite, so
addition of vermiculite will not affect the essential requirement of vermiculite.

Table 1. Properties of the bentonite used for this study

Soil properties Value

Specific gravity 2.73
Liquid limit (%) 129
Plastic limit (%) 30
Shrinkage limit (%) 1.8
Dry density 1.64 g/cc
Optimum moisture content 20%
Free swell index (FSI) (%) 128

Table 2. Physical and chemical properties of the exfoliated vermiculite

Physical properties
Bulk density 64–160 kg/m3

Water holding capacity 220–325% by wt.
MOH 1–2
pH 6–9
Chemical properties
Silica 39.4%
Magnesium 25.2%
Alumina 8.8%
Potassium 4.5%
Iron 4.0%
Calcium 1.8%
Carbonate 1.4%
Titanium 0.8%
Fluorine 0.5%

Fig. 1. SEM image of exfoliated vermiculite
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2.2 Index Properties Tests

Tests for index properties such as liquid limit, plastic limit, shrinkage limit and
shrinkage strain tests have been conducted on bentonite-vermiculite blends as per the
ASTM standards. Liquid limit and Plastic limit tests were conducted as per ASTM D
4318-10 (1996). Shrinkage limit test was determined according to ASTM D427-04
(2007). After determining shrinkage limit, diameter and thickness of the soil pat were
measured using digital calliper to determine radial and axial shrinkage strains. The
axial and radial shrinkage strains were calculated using the following expressions.

Axial shrinkage strain

2a¼ hi � hf
hi

� 100 ð1Þ

where: hi is the initial thickness, and hf is the final thickness.
Radial shrinkage strain

2r¼ Di � Df

Di
� 100 ð2Þ

where: Di is the initial diameter, and Df is the final diameter.

2.3 Shrinkage Limit Tests

Standard Proctor compaction, hydraulic conductivity and swelling tests have been
conducted on bentonite and bentonite mixed with various percentages of vermiculite as
discussed earlier. Initially Standard Proctor compaction tests have been conducted as
per ASTM D 698-12 (1996) for determining the optimum moisture content for the
bentonite blended with different percentages of vermiculite. After performing com-
paction tests, hydraulic conductivity tests were performed for the bentonite and
bentonite-vermiculite blends compacted at their respective optimum moisture content
and maximum dry density obtained from compaction tests. Hydraulic conductivity tests
were performed using rigid wall permeameter according to ASTM D5856 (1996). Soil
was compacted in the mould and the mould was placed in the water bath for four days
to allow for full saturation of the sample. The permeability tests were performed using
de-aired tap water. Swelling tests were conducted in the prefabricated mould of
diameter 10 cm and 15 cm height. Soil was compacted in the mould in three layers of
thickness of 2.5 cm. A dial gauge was fitted at the top of the soil layer. After setting the
dial gauge reading to zero, water was added continuously at the top of the clay bed and
the swelling was monitoring continuously at various time intervals until the swelling
attained equilibrium.
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3 Discussion of Test Results

Figure 2 shows the variation of liquid limit and plastic limit for varying vermiculite
content. It is observed that the liquid limit of the bentonite reduced marginally when
compared to plastic limit. The plastic limit tends to increase with percentage of ver-
miculite. Upon addition of 30% vermiculite to bentonite the liquid limit was found to
be 120%, whereas the plastic limit found to be 62%, resulted in a plasticity index of
58%. Figure 3 shows the variation of shrinkage limit of bentonite blended with varying
percentage of vermiculite. The shrinkage limit of the bentonite is 1.8%, which is
considered to undergo large volume changes (Holtz and Gibbs 1956). Upon addition of
vermiculite, the shrinkage limit tends to increase rapidly. The shrinkage limit of ben-
tonite blended with 20% vermiculite is 17.9% and beyond 20% vermiculite there is no
significant increase in shrinkage limit. According to Holtz (1956), if the shrinkage limit
is greater than 16%, the soil does not undergo significant volume change. Addition of
vermiculite also reduces the shrinkage strains of bentonite (Fig. 4). Both axial and
radial shrinkage tends to decrease with increase in vermiculite content. Axial strain
reduced to 47.3% and radial shrinkage reduced to 39.4%, when 30% vermiculite
content was blended with bentonite.

Figure 5 shows the variation of maximum dry density and optimum moisture
content (OMC) of bentonite with different percentage of exfoliated vermiculite con-
tents. The reduction in dry unit weight of bentonite with an increase in vermiculite
content is due to the replacement of soil with vermiculite of lower specific gravity
leading to increase in volume and decrease in unit weight. Conversely, the OMC
increased with higher vermiculite content. The increase in OMC with increased ver-
miculite content was likely due to the larger amount of water absorbed by the ver-
miculite because of its inherent water retention capacity.
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Achieving specific value of permeability is one of the important criteria for the clay
to be used as a liner material. Permeability of the clay should be less than 1 � 10−7

cm/s. Variation in the hydraulic conductivity of vermiculite-bentonite mixtures is
reported in Fig. 6. For bentonite sample, the hydraulic conductivity was found to be
3.86 � 10−09 cm/s. The hydraulic conductivity reduced to 7.10 � 10−9 cm/s, when
vermiculite content was 10%, beyond 10% vermiculite content, the permeability tends
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to increase. For bentonite blended with 30% vermiculite, the permeability was found to
be 1.93 � 10−07 cm/s. Beyond 30% vermiculite, the permeability was found to be
high, which is greater than the essential requirement of the clay liner. Swelling of
bentonite was also reduced due to the addition of vermiculite (Fig. 7). Swelling
decreased from 14.1 to 6.9 mm when vermiculite was varied from 0 to 30%.
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4 Conclusions

Based on the results and discussion presented here, the following conclusions can be
made.

With addition of 30% vermiculite to bentonite, the liquid limit is found to be 120%
and the plastic limit found to be 62%; resulting in a plasticity index of 58%. The
shrinkage limit tends to increase rapidly. The shrinkage limit of bentonite blended with
20% vermiculite is 17.9% and beyond 20% vermiculite, there is no significant increase
in shrinkage limit.

Axial strain reduces to 47.3% and radial shrinkage reduces to 39.4%, when 30%
vermiculite content is blended with bentonite. Swelling also tends to decrease with an
increase in vermiculite content. The swelling reduces to 51%, when 30% of vermiculite
content is added to bentonite.

The hydraulic conductivity reduces to 7.10 � 10−9 cm/s, when vermiculite content
is 10%, beyond 10% vermiculite content, the permeability tends to increase. For
bentonite blended with 30% vermiculite, the permeability is found to be
1.93 � 10−07 cm/s. Beyond 30% vermiculite the permeability is found to be high,
which is greater than the essential requirements of the clay liner.
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