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ABSTRACT:  Compacted expansive soils are widely used as engineered barriers in waste contaminant applications like 

landfills, brine ponds and nuclear waste disposal sites. These liners are designed for very low hydraulic conductivity (< 1 

x 10-7 cm/s). Percolation of chemical waste or leachate results in physico-chemical changes in compacted expansive soils 

which increases the hydraulic conductivity. This paper brings out the changes in swelling behaviour and hydraulic 

conductivity of compacted expansive soil induced with osmotic gradients using NaCl and CaCl2 solutions. Multiple 

identical soil specimens placed in oedometer assemblies were inundated with distilled water, 0.4 and 4M NaCl 

(monovalent cations) and 0.4 and 4M CaCl2 (divalent cations) salt solutions and allowed to swell under a surcharge 

pressure of 12.5 kPa. Void ratio-water content plots were also traced during swelling process. Falling head permeability 

tests were conducted on swollen soil specimens in rigid wall oedometer permeameters under a hydraulic gradient (i) of 20. 

The experimental results showed that the swell potentials reduced and hydraulic conductivity increased with the increase 

in induced osmotic suction. 
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1 INTRODUCTION  

Compacted expansive soils are used as base and cover 

liners in waste contaminant applications. A well-

constructed liner protects groundwater from leachate 

contamination. In order to achieve this, the clay liners 

are designed for low hydraulic conductivity (< 1 x 10
-7

 

cm/s). Leachate percolating through solid waste in 

landfills contains dissolved or suspended chemicals. 

The design of clay liners based on distilled water as the 

inundating fluid does not replicate the conditions that 

exist during the life span of landfills. Hence the 

behaviour of compacted expansive soils exposed to 

chemicals needs to be studied. The properties of 

compacted expansive soils are altered upon exposure to 

chemicals due to physico-chemical changes (Rao et al. 

2006; Thyagaraj and Rao 2010; Thyagaraj et al. 2016).  

Studies related to the effect of pore fluid on the 

swelling behavior have showed that the increase in 

concentration of pore fluid resulted in reduction of 

swell potentials and void ratios (Jo et al. 2001; Rao et 

al. 2006; Thyagaraj and Rao 2010; Thyagaraj et al. 

2016). Osmotic gradient arises due to the concentration 

difference between inundating fluid and pore fluid 

(usually distilled water) and results in diffusion of salts. 

Increase in salt concentration in pore fluid results in 

suppression of diffused double layers and the 

suppression further increases with the increase in 

cation valency (Yong and Wankentin 1966).  

In addition to the swelling behaviour, the concentration 

of inundating salt solution has greater influence on the 

hydraulic conductivity as well (Jo et al. 2001; Petrov 

and Rowe 1997; Lin and Benson 2000). Compacted 

expansive soils are characterized by double structure, 

with macropores (inter-aggregate) and micropores 

(pores within the aggregates) (Gens & Alonso 1992; 

Musso et al. 2013). Increase in the pore fluid 

concentration reduces the diffused double layer 

thickness and the size of micropores thereby increasing 

the macropore volume and hence results in higher 

hydraulic conductivity (Mesri and Olson 1971; Musso 

et al. 2013).  

This paper presents the effect of induced osmotic 

suction on swell potential, time- swell plots, void ratio-

water content plots and hydraulic conductivity of 

compacted expansive soil. To bring out the effect of  

induced osmotic suction on swell potential, identical 

soil specimens, prepared with distilled water, were 

inundated with distilled water (DW), Sodium Chloride 

(NaCl) and Calcium Chloride (CaCl2) solutions in 

separate oedometer assemblies. The void ratio-water 

content plots were traced during swelling process. 

Falling head permeability tests were also carried out to 

determine the hydraulic conductivity of compacted soil 

specimens subjected to induced osmotic suction. 
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2 EXPERIMENTAL PROGRAM  

2.1 Material properties 

The expansive soil collected from Kishkinta, near West 

Tambaram, Chennai, Tamilnadu, India, was air dried, 

pulverized and passed through 2 mm sieve for testing. 

Table 1 summarizes the properties of expansive soil 

used in the present study. NaCl and CaCl2 laboratory 

grade salts were used for the preparation of inundating 

solutions.  

Table 1 Properties of expansive soil 

Property Value 

pH 7.52 

Specific gravity, Gs 2.71 

Atterberg limits  

Liquid limit (%) 78 

Plastic limit (%) 27 

Shrinkage limit (%) 9 

Grain size distribution (%)  

Sand 3 

Silt 15 

Clay 82 

Unified soil classification  CH 

Free swell index (%) 105 

Compaction characteristics  

Maximum dry density (Mg/m
3
) 1.34 

Optimum moisture content (%) 27 

2.2 One-dimensional oedometer swell tests 

The effect of induced osmotic suction on the swell 

potential of compacted soil specimens were brought 

out by conducting one-dimensional oedometer swell 

tests. Initially, the pulverized soil was pre-wetted with 

required amount of distilled water and allowed to 

equilibrate for 48 hours. After attaining the target water 

content, the pre-wetted soil was statically compacted 

into the oedometer rings (30 mm height and 75.4 mm 

diameter) with initial height of 20 mm. Identical soil 

specimens prepared with standard Proctor maximum 

dry density (MDD) and optimum moisture content 

(OMC) were used for testing. Soil specimens were 

allowed to swell under a surcharge pressure of 12.5 

kPa in the oedometer assembly. The swell potential 

was calculated as: 

Swell (%) = 
  

  
 x 100 

where  H is the increase in height of soil specimen 

during swelling process and Hi is the initial height of 

soil specimen. 

The effect of induced osmotic suction on swelling 

behaviour was brought out by inundating the identical 

compacted specimens prepared using distilled water 

with distilled water, NaCl solutions (0.4 and 4M) and 

CaCl2 solutions (0.4 and 4M), in separate oedometer 

assemblies. Table 2 presents the details of inundating 

fluid. For the same concentration, osmotic suction 

value is more for divalent salt solution than 

monoavalent salt solution. The dimensions of identical 

soil specimens were measured during intermediate 

stages of swelling. The calculated void ratios and 

corrected water contents were used to trace the void 

ratio-water content plots during the swelling. 

Table 2 Details of compacted specimens  

Fluid used for 

specimen 

preparation 

Inundating 

Fluid 

Induced osmotic 

suction, Δπ (kPa) 

DW DW 100 

DW 0.4M NaCl 1,951 

DW 4M NaCl 19,512 

DW 0.4M CaCl2 2,927 

DW 4M CaCl2 29,268 

 

Induced osmotic suction is calculated using van't Hoff 

equation as 

   = (M2 - M1)iRT  

where (M2 - M1) is the difference in concentration 

between the pore water (DW) and the corresponding 

inundating fluid in mole/litre, R is universal gas 

constant (8.32 litre.kPa/mole.K), T is absolute 

temperature (K) and i is van't Hoff factor (i = 2 and 3 

for NaCl and CaCl2 solutions, respectively). 

After complete saturation in the rigid wall oedometer 

permeameters, the hydraulic conductivity was 

determined under a hydraulic gradient, i, of 20  as per 

ASTM D 5856-15. 

3 RESULTS AND DISCUSSION 

3.1 Swell potential 

Figures 1 and 2 compare the time-swell plots of 

distilled water inundated specimens with NaCl and 

CaCl2 solutions of different concentrations, 

respectively. The initial (< 0.5 min), primary (0.5 – 250 

min) and secondary (after 250 min) swelling stages 

were well identified in specimens inundated with 

distilled water, NaCl and CaCl2 solutions. However, the 

specimen inundated with 4M CaCl2 solution showed a 

delayed initial swell. In general, the initial and primary 

swell stages are relatively rapid and are independent of 

induced osmotic suction. Whereas, the diffusion of 

salts at the end of primary and secondary swelling 

stages resulted in reduction of swell potential in salt 
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solution inundated specimens in comparison with the 

specimen inundated with distilled water (Rao et al. 

2006). The reduction of swell potential was more with 

divalent Ca
2+

 ions than monovalent Na
+
 ions at both 

concentrations. The soil specimen inundated with salt 

solutions with higher initial induced osmotic suction 

had lower swell potential. The reduction in swell 

potential of salt solution inundated specimens is due to 

the suppression of diffuse double layer happening at 

the microstructural level (Musso et al. 2013).  

 

Fig. 1 Time-swell plots of compacted soil specimens 

inundated with distilled water and NaCl solutions 

Fig. 2 Time-swell plots of compacted soil specimens 

inundated with distilled water and CaCl2 solutions 

3.2 Void ratio-water content plots 

Figure 3 presents the void ratio-water content plots 

during swelling for the soil specimens inundated with 

distilled water and 0.4 M salt solutions. The swollen 

void ratios and swollen water contents of compacted 

specimens reduced with the increase in initial induced 

osmotic suction.  During the initial swelling process, 

the distilled water inundated soil specimens showed a 

void ratio variation parallel to zero air voids line. With 

the increase in initial induced osmotic suction, the void 

ratio-water content curves became flatter. Similar 

results were reported by Thyagaraj and Rao (2010) for 

specimens inundated with NaCl solutions. At any given 

water content, the void ratio decreased with the 

increase in induced osmotic suction which is attributed 

to the suppression of diffused double layer thickness. 

 
Fig. 3 Void ratio – water content plots during swelling 

for compacted soil specimens inundated with distilled 

water and 0.4 M salt solutions 

3.3 Hydraulic conductivity 

In order to bring out the effect of induced osmotic 

suction on the hydraulic conductivity of compacted 

expansive soil, the rigid wall permeability tests were 

conducted on compacted specimens at swollen state.  

The inundating fluid was used as permeating fluid 

during permeability tests. Figure 4 presents the 

variation of hydraulic conductivity with the 

concentration of permeating solution. It can be seen 

that the hydraulic conductivity increases with increase 

in initial induced osmotic suction when the soil 

specimens were inundated and permeated with salt 

solutions. At a given concentration, the soil specimens 

inundated and permeated with CaCl2 solution with 

higher induced osmotic suction value had higher 

hydraulic conductivity than NaCl solution inundated 

and permeated soil specimen. Mishra et al. (2005) also 

reported that the divalent cations were more effective 

in increasing the hydraulic conductivity than the 

monovalent cations. The difference in hydraulic 

conductivity between higher concentration (4M) 

monovalent and divalent salt solutions was less when 
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compared to the difference at lower concentration 

(0.4M). 

The increase in hydraulic conductivity value was 

significant for the specimen inundated with higher 

concentration solution in comparison with the 

specimens inundated with lower concentration salt 

solutions and distilled water. Higher the concentration 

of pore fluid higher is the reduction of diffused double 

layer thickness and the micropores and hence results in 

higher permeability owing the increase in the size of 

macropores (Musso et al. 2013).  

 

Fig. 4 Variation of hydraulic conductivity with 

inundating fluid concentration for compacted soil 

specimens 

4 SUMMARY AND CONCLUSIONS 

Interaction of leachate alters the property of expansive 

soil and has significant impact on swelling and 

hydraulic properties of expansive soil. Based on the 

experimental results, the following observations were 

drawn:  

Swell potential of soil specimens inundated with 

calcium chloride solutions were lower than the sodium 

chloride solutions and distilled water inundated soil 

specimens. Also, the swell potential of compacted 

expansive soil reduced with increase in initial induced 

osmotic suction. 

Void ratios and water contents of compacted specimens 

reduced with the increase in the initial induced osmotic 

suction during the swelling process. The suppression of 

diffused double layers i.e. micropores resulted in 

reduction of swell potentials and void ratios. 

Hydraulic conductivity of compacted expansive soil 

increased with the increase in induced osmotic suction 

and cation valence.  

Additional investigations are in progress to evaluate the 

effect induced osmotic suction on hydraulic 

conductivity during alternate wetting and drying 

cycles. Also the variation of swell potential and void 

ratio-water contents plots during alternate wetting and 

drying cycles needs to be studied.  

REFERENCES 

ASTM D5856-15 (2015), Standard test method for 

measurement of hydraulic conductivity of porous material 

using a rigid-wall, compaction-mold permeameter, ASTM 

International, West Conshohocken, PA. 

Gens, A., and Alonso, E. E. (1992) ‘A framework for the 

behaviour of unsaturated expansive clays’, Canadian 

Geotechnical Journal, 29(6), pp1013-1032. 

Jo, H. Y., Katsumi, T., Benson. C. H., and Edil, T. B. 

(2001) ‘Hydraulic conductivity and swelling of 

nonprehydrated GCLs permeated with single-species salt 

solutions’, Journal of Geotechnical and 

Geoenvironmental Engineering,  ASCE, 127(7), pp557-

567. 

Lin, L., and Benson, C. H. (2000) ‘Effect of wet-dry 

cycling on swelling and hydraulic conductivity of GCLs’, 

Journal of Geotechnical and Geoenvironmental 

Engineering,  ASCE, 126(1), pp40-49. 

Mesri, G., and Olson, R. E. (1971) ‘Mechanisms 

controlling the permeability of clays’ Clays and Clay 

Minerals, 19, pp151-158. 

Mishra, A.K., Ohtsubo, M., Li, L., and Higashi, T. (2005) 

‘Effect of Salt Concentrations on the permeability and 

compressibility of soil-bentonite Mixtures’, J. Fac. Agr. 

Kyushu Uni., 50(2), pp837-849.  

Musso, G., Romero, E., and Vecchia, G. D. (2013) 

‘Double-structure effects on the chemo-hydro-mechanical 

behaviour of a compacted active clay’, Geotechnique, 

63(3), pp206-220.  

Petrov, R. J., and Rowe, R. K. (1997) ‘Geosynthetic Clay 

Liner (GCL)-chemical compatibility by hydraulic 

conductivity testing and factors impacting its 

performance’, Canadian Geotechical Journal, 34, pp863-

885. 

Rao, S. M., Thyagaraj, T., and Thomas, H. R. (2006) 

‘Swelling of compacted clay under osmotic gradients’, 

Geotechnique, 56(10), pp707-713. 

Thyagaraj, T., and Rao, S. M. (2010) ‘Influence of 

osmotic suction on the soil-water characteristic curves of 

compacted expansive clay’, Journal of Geotechnical and 

Geoenvironmental Engineering, ASCE, 136(12), pp1695-

1702. 

Thyagaraj, T., Thomas, S.R., and Das, A.P. (2016) 

‘Physico-chemical effects on shrinkage behavior of 

compacted expansive clay’, International Journal of 

Geomechanics, ASCE, 06016013. 

Yong, R. N., and Wankentin, B. P. (1966) Introduction to 

soil behaviour, The Macmillan Company, New York. 

3 E-07 

4 E-07 

5 E-07 

6 E-07 

7 E-07 

8 E-07 

9 E-07 

0 2 4 

H
y
d
ra

u
lic

 c
o
n
d
u
c
ti
v
it
y
, 
k
 (

c
m

/s
) 

Inundating fluid concentration  (M) 

DW 

0.4M NaCl 

0.4M CaCl 

4M NaCl  

4M CaCl 

2 

2 

4 


