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ABSTRACT 
Sand bentonite mixtures are used to construct clay liner in engineered landfills. Clay-lined landfills when exposed to 
organic wastes produce leachate which affect the properties of the clay liner extensively and it may become 
unreliable in being a permanent barrier to the wastes. This work is to investigate the behaviour of different bentonite-
sand mixtures through one-dimensional consolidation using ethanol water solution mixed in the ratio of 20:80 by 
volume, as the permeating fluid. The same series of experiments were performed with pure water also as the 
permeating liquid to get a good comparison of the change in properties. The percentage swell, swelling pressures 
and permeability were high in the mix with pure water solution. Compressibility was found to be high in the mix with 
ethanol water solution. Good correlation exists between percent swell and swelling pressure in the mix using ethanol 
water solution and in the mix using water. 
 
 
 
1 INTODUCTION 
 
Sand bentonite mixtures are used to construct clay liner 
in engineered landfills. The clay liner has to be 
impermeable and should have the strength to carry the 
load of the wastes disposed upon it. Bentonite having 
very low permeability serves well as one of the liner 
materials and to prevent the development of cracks on 
desiccation, sand should be added (Mollins et al. 1996). 
The permeability of sand reduces after addition of 
bentonite to the samples even as low as 2% by weight 
(Otoko et al. 2014). Swelling is another important 
property which affects the stability of the clay liner and 
has to be taken into consideration while analysing the 
parameters for selection of the liner material. The 
swelling pressure and swelling potential decreases with 
the increasing sand content irrespective of initial 
compaction condition. Soil with fine sand exhibited 
relatively higher swelling pressure and swelling 
potential (Shrikanth, V. and Mishra, A.K. 2015). They 
also found that the hydraulic conductivity of the sand-
bentonite mixtures were very much dependent on the 
particle size of sand. 

Clay-lined landfills are exposed to organic wastes 
which when coming in contact with water, produce 
various organic liquids or leachate. These affect the 
properties of the clay liner extensively and it may 
become unreliable in being a permanent barrier to the 
wastes. According to Singh et al. 2003, montmorillonite 
swells by sorbing as much as 8% mass of organic 
solvent. The ability of clays to swell in hydrocarbon 
solvents is because of the ability of the solvent to 
disrupt the attractive Van der Waals forces operating 
between the adjacent organic cations overcoming any 
enhanced electric double layer repulsion expected to 
form because of the lower dielectric constant of organic 
solvents compared to water (Gates et al. 2004). 
According to Estabrag et al. (2014), the compression 
index of soil increases with the increase in 
concentration of ethanol. 

This work is to investigate the behaviour of different 
bentonite-sand mixtures like swelling, compressibility 
and permeability, through one-dimensional 
consolidation at very low unit weight, using ethanol - 
water solution as the permeating fluid. These 
behaviours are then compared with the values obtained 
with pure water as a pore fluid. 

 
 

2 MATERIALS AND METHODOLOGY 
 
One-dimensional consolidation tests have been 
performed in six bentonite-sand mixtures. The bentonite 
- sand mixture were mixed in the following proportion by 
percentage of dry weight as B:S = 100:0, 90:10, 80:20, 
70:30, 60:40 and 50:50 (B: bentonite , S: sand). Dry 
bentonite - sand mixtures were placed initially in the 
consolidation cell at their loosest dry state and then 
allowed to saturate. The tests are performed to 
understand the change in the properties of bentonite-
sand mixtures on addition of ethanol water solution as 
the pore fluid. 
 
2.1 Materials used for study 
 
 
Table 1. Properties of bentonite-sand mixtures 
 

Bantonite : 
Sand 

Liquid limit 
(%) 

Plastic limit 
(%) 

Plasticity 
Index 
(%) 

100:0 195 35 160 
90:10 165 32.5 132.5 
80:20 140 30 110 
70:30 123 27 96 
60:40 110 24 86 
50:50 100 20 80 
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Commercially available bentonite and dry sand were 
used for the study. The sand used in the study was 
classified according to the Unified Soil Classification 
System (USCS) and was found to be poorly graded 
sand (SP). The X-ray diffraction spectra for the 
bentonite show that it is predominantly a 
montmorillonite with some amount of sand i.e. the 
quartz mineral. The liquid limits and the plastic limits of 
the mixtures were determined according to the code IS 
2720 (Part 5) 1985, the values of which are shown in 
Table 1. Figure 1 and 2 show that the variation of liquid 
limit and plastic limit values respectively with the 
various bentonite and sand mixtures. 
  

 

 
Figure 1 Variation of Liquid Limit with bentonite content 
 
 

 
Figure 2 variation of Plastic Limit with bentonite content 
 
 
2.2 The consolidation test procedure 
 
This research work was carried out in a conventional 
fixed ring consolidation cell in laboratory to measure the 
swelling, compressibility and permeability behaviour of 
the various bentonite-sand mixtures. The mixture was 

placed in the cutter loosely up to a height of 2/3rd of the 
cutter i.e., 13.33mm. Consolidation test was conducted 
following the procedure given in the code IS: 2720 (Part 
15) -1965. The consolidometer was assembled with the 
dry soil specimen and porous stones at top and bottom 
of the specimen, providing a filter paper between the 
soil specimen and the porous stones. Silicone grease 
was applied to the inner surface of the ring to eliminate 
the friction between the ring and the soil sample.  

A seating load of 5kN/m2 was placed on the loading 
hanger and the initial reading of the dial gauge was 
noted. The sample was then allowed to saturate fully. 
The first test series was conducted with pure water as 
the permeating fluid. The second test series was 
conducted with ethanol – water solution (20% ethanol 
by volume). As a result, after saturation, the sample 
started swelling. The dial gauge reading was taken after 
every 24 hrs and total swelling percentage was plotted 
with respect to time. After full swelling, the dial gauge 
reading was constant and the value was recorded. The 
swollen sample was then subjected to small amounts of 
consolidation pressure until the swelling pressure was 
obtained which is indicated by the returning of the dial 
gauge to the initial reading before swelling. The double 
incremental load was then applied up to 640kN/m2 as 
per the code of practice.  

 
2.3 Permeability calculations 
 
The permeability of the soil samples with different pore 
fluids were calculated theoretically from the coefficient 
of consolidation, Cv, values obtained after each stress 
increment from Equation [1]. 

 
 
k = Cv.mv.γw                                                                                 [1] 

 
 

In the above equation, k is the coefficient of 
permeability, mv is the coefficient of volume 
compressibility and γw is the unit weight of water. The 
coefficient of consolidation was determined by the 
Taylor’s square root of time fitting method. 
 

 
3 RESULTS AND DISUSSION 
 
The properties of a clay soil like porosity, swelling and 
permeability are affected by the interaction of the clay 
particles with the permeating liquid. This interaction is 
dependent on the fluid properties such as dielectric 
constant, ionic strength and surface tension. 
Determination of dielectric constant is not done in this 
study. It is seen from literature that the dielectric 
constant of ethanol is lower than pure water so it is 
assumed that the ethanol solution used in this 
experiment also has lower dielectric constant than 
water. The dielectric constant however, is influenced by 
the concentration of the organic compound present in 
the solution. The solution used in this study has only 
20% ethanol by volume with water which indicates that 
there will not be much decrease in the value of 
dielectric constant from that of pure water. 
 
3.1 Swelling behavior  
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Swelling occurs when the soil particles absorb the 
solvent and increases in volume. Free swell was 
allowed to occur in the samples saturated with water 
and with ethanol-water solution separately. The swelling 
in the soil mixtures is due to the montmorillonite content 
in the bentonite.  Figure 3 and 4 represents the 
variation of swelling percentage with time for water and 
ethanol-water solution as pore fluids respectively. It is 
seen that maximum swelling occurred in pure bentonite 
and it reduces with the addition of sand to it. The total 
swelling percentage and swelling pressure for all the 
samples are given in Table 2 and 3 for pore fluid water 
and ethanol-water solution respectively. 
 
 

 
Figure 3. Swelling% versus time with water as pore fluid 
 
 

 
Figure 4. Swelling % versus time with ethanol-water 
solution as the pore fluid 
 
 
3.1.1 Comparison of swelling percentage 
 
The Swelling versus time with pure water and ethanol-
water solution have been plotted together for two of the 
sample mixtures as shown in Figure 5 and 6. 
 
 

 
Figure 5. Swelling% versus time for bentonite:sand = 
100:0 
 
 

 
Figure 6. Swelling% versus time for bentonite:sand = 
50:50 
 
 

From the figures it can be seen that for the same 
bentonite to sand ratio, the swelling percentage is 
higher for pure water as pore fluid. The ability of clays 
to swell is supposed to be related to the ability of the 
solvent to disrupt the attractive Van Der Waals forces 
operating between the adjacent organic cations. But 
due to lower dielectric constant of ethanol-water 
solution than water, its presence in the pore fluid to 
some extends retards the swelling of the clay. Due to 
this, differences in the maximum swelling percentages 
have been seen in both the pore fluid solutions.  

 
 
Table 2. Variation of swelling pressure for samples with 
water as the pore fluid. 
 

Bentonite:Sand Total swelling 
(%) 

Swelling pressure 
(kN/m2) 

100:0 37.73 210 
90:10 32.85 180 
80:20 26.03 165 
70:30 23.48 145 
60:40 20.18 120 
50:50 16.35 100 
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Table 3. . Variation of swelling pressure for samples 
with ethanol-water as the pore fluid 
 

Bentonite:Sand Total swelling 
(%) 

Swelling pressure 
(kN/m2) 

100:0 33.76 200 
90:10 30.91 170 
80:20 24.53 160 
70:30 20.86 130 
60:40 17.93 100 
50:50 13.73 80 

 
 

 
Figure 7. Variation of swelling pressure with bentonite 
content. 
 
 
3.1.2 Comparison of swelling pressure 
 
Figure 7 shows that with the increase in sand content in 
the mixtures, the swelling pressure decreases. Another 
observation is that for the same bentonite to sand ratio, 
the swelling pressure is higher for the sample saturated 
with pure water which is evident from the fact that the 
dielectric constant for ethanol is lesser than water which 
does not help in the expansion of the diffused double 
layer. Good correlation exists between percent swell 
and swelling pressure in the mix using ethanol water 
solution and in the mix using water, the correlation 
coefficient in both the cases being 0.99. 
 
3.2 Consolidation test results 
 
The void ratio value decreases as the applied stress 
increases. Figure 8 shows that with the increase in 
sand percentage in the samples, the void ratio of the 
mixture slightly increases. It has been observed that the 
pure bentonite sample (Bentonite:Sand = 100:0) has 
the lowest void ratio at 640 kN/m2 effective stress value. 
From Figure 8, it can be seen that for the same 
bentonite to sand ratio of the mixture, at a given 
effective stress, the void was higher for the sample with 
pure water as the pore fluid. It is because of the fact 
that the bentonite-sand mixtures swelled more when 
ethanol was not present in the solution.  

The Compression Index, as shown in Figure 9, 
decreased with the addition of sand to the samples. But 
for the same ratio of bentonite and sand, the 
compression Index was found to be higher for the 
sample with ethanol-water solution as the pore fluid. 
This is in agreement wih Estabrag et al. (2014), where it 
was stated that the compression index of soil increases 
with the increase in concentration of ethanol. 
 
 

 
Figure 8. Void ratio versus log of effective stress 
 
 

 
Figure 9. Variation of compression index with bentonite 
content 
 
 
3.3 Permeability 
 
The coefficient of permeability increases as the quantity 
of sand in the sample mixtures increase but it 
decreases with the increasing effective stress. The 
coefficients of permeability versus effective stress are 
shown in Figure 10 and 11 respectively for pore fluid 
water and ethanol-water solution. The permeability 
values are less than 5×10-7 cm/sec and become 
insignificant as the effective stress crosses 320 kN/m2. 

Figure 12 and 13 show the void ratio versus log of 
coefficient of permeability for pore fluids water and 
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ethanol-water solution respectively. The log of 
coefficient of permeability was found to vary linearly 
with void ratio over the full range of pressure 
increments to which the samples were subjected to. 

 
  

 
Figure 10. Theoretical permeability of samples with 
water as pore fluid 
 
 

 
Figure 11. Theoretical permeability of samples with 
ethanol-water solution as pore fluid. 
 
 

 
Figure 12. Void ratio versus log of coefficient of 
permeability with water as pore fluid 
 
 

 
Figure 13. Void ratio versus log of coefficient of 
permeability with water as pore fluid 
 
 

 
Figure 14. Void ratio versus log of coefficient of 
permeability for bentonite:sand = 100:0 
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Figure 15. Void ratio versus log of coefficient of 
permeability for bentonite:sand = 50:50 
 
 
3.3.1 Comparison of permeability 
 
Figure 14 and 15 compares the coefficient of 
permeability with pore fluid water and ethanol-water 
solution for bentonite:sand = 100:0 and 50:50 
respectively. It was observed that the samples with 
ethanol-water solution as pore fluid showed lower 
values of the co-efficient of permeability than with pure 
water for the same bentonite:sand ratio. It can be 
explained by the fact that the samples swell more with 
pure water as the pore fluid. The presence of ethanol in 
the pore fluid reduces the swelling of a particular soil 
sample and which in turn reduces the void ratio. This in 
turn affects the permeability also. 
 

 
4 CONCLUSION 
 
The Atterberg limits decreased with the addition of sand 
to bentonite and the values were directly proportional to 
the percentage of bentonite present in the samples 
tested. From the swelling test it was found that the 
swelling percentage was highest for the sample with 
100% bentonite irrespective of the pore fluid used. It 
was also seen that the total swelling percentages were 
higher for all the samples with pure water as pore fluid 
as compared to ethanol-water solution. For the same 
proportion of bentonite and sand, the sample saturated 
with pure water showed a higher value of swelling 
pressure then with ethanol-water solution. The swelling 
pressure decreased with the addition of sand to 
bentonite for both the conditions. The compression 
index decreased with the increase in sand content and 
it had higher values for the samples with ethanol-water 
solution as the pore fluid. The co-efficient of 
permeability of the samples increased with the 
increasing sand content. The co-efficient of permeability 
of the samples with ethanol-water solution were low in 
comparison to the ones with pure water.  
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