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ABSTRACT: Bentonites are highly active clays that contain a high percentage of montmorillonite. Thus, they show a 

substantial change in its behaviour leading to failure of many engineered structures resting on it. One of the prominent 

behaviour that is causing enormous damage to structures built on clay is associated with volume decrease i.e. shrinkage 

in saturated compressible clay soil when water get evaporated. This study of shrinkage behaviour of clay soil became 

mandatory both in Geoenvironmental and Geotechnical field. This Shrinkage behaviour of clay is highly influenced by the 

type of pore fluid with which it comes in contact. This paper focuses on the effect of pore fluids on shrinkage behaviour 

of different bentonites with varying clay contents and surface properties. Pore fluids like water and ethanol were used to 

understand how volume and moisture content of bentonites were changing when it comes in contact with it. Volume 

measurement techniques such as balloon method were conducted and Volumetric Shrinkage Curves (VSC) was 

estimated to obtain the Shrinkage limit values. Comparisons in shrinkage limit moisture content were made. It was 

found that shrinkage limit moisture content increases with a decrease in dielectric constant. 
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1 Introduction 

Presence of montmorillonite in bentonites provides 

them some useful features such as high retention 

capacity, low hydraulic conductivity (Ali et al., 2016), 

and high swelling capacity (Bharat and Sridharan, 

2015) which make it suitable to be used as buffer and 

backfill materials for storage of high-level radioactive 

waste in many countries (Dixon and Gray 1985). 

Bentonites in the saturated state show high shrinkage 

when left for thermodynamic equilibrium with the 

surrounding environment which is also accompanied 

by cracking in soils. Cracking weakens the soil and 

many engineered structures resting on such soil suffer 

severe distress and damage. Thus the study of 

shrinkage (change in volume of the soil with water 

loss) behaviour of clay soil became mandatory. This 

volume change behaviour of clay soil can be estimated 

using Volumetric Shrinkage Curve (VSC) (Bensallam et 

al., 2012; Saleh-Mbemba et al., 2016). Several 

laboratory methods are developed for estimation of 

VSC. In this study, comparisons were made between 

the shrinkage limit moisture content obtained using 

VSC data for pore fluids such as water and ethanol. 

Clay soils with different physical properties were used 

and the fundamental mechanism responsible for the 

moisture content at shrinkage limit was discussed. 
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2 Theory 

When a saturated clay specimen is exposed to air, 

water will evaporate from it. During this loss of 

moisture from the clay specimen, there occurs 

rearrangement of particles which results in a decrease 

of its bulk volume. This change in the magnitude of 

the volume of the specimen with the reduction in the 

moisture content is described by VSC. Volumetric 

Shrinkage Curve is a plot expressed in terms of specific 

volume or void ratio verses gravimetric moisture 

content (Saleh-Mbemba et al., 2016). A typical 

illustration of volumetric shrinkage curve is shown in 

Figure 1. The VSC shows four different phases of 

deformations such as structural (Phase I), normal 

(Phase II), residual (Phase III), and zero shrinkage 

(Phase IV) (Bensallam et al., 2012). The structural 

shrinkage phase signifies that the reduction in the 

volume of the soil is smaller than the amount of 

extracted water from the soil. This phase is generally 

absent in non-structured soil such as clay soil 

(Chertkov, 2003). 

                                                 

 

 

Figure.1. Schematic representation of a typical soil 

shrinkage characteristic curve (after, Tang et al. 2011) 

 

The rate of volume reduction and the amount of water 

evaporated is proportionate during normal shrinkage 

phase (Tariq and Durnford, 1993a). The third phase i.e. 

the residual phase is marked by the diversion of the 

curve from its linear path. Starting point of residual 

shrinkage curve is the air entry point. The soil matrix is 

arranged in its densest form and the pore volume 

remained unaltered as the water further decreased in 

the Zero shrinkage phase. The moisture content 

corresponding to the beginning of Zero phase is the 

shrinkage limit.  

 

3  Materials and Methods 

3.1 Materials 

Four commercially available bentonites having 

different physical properties and named as B1, B2, B3 

and B4 were used in this study. The particle size 

analyses, specific gravity (Gs), Atter erg’s limits were 

determined using standard ASTM. Specific surface 

areas (SSA) of the soil specimens passing through 425-

μm sieve were determined using ethylene glycol 

mono-ethyl ether (EGME) (Cerato et al.2002) on four 

duplicate samples. The average values were reported 

in Table 1. Pore fluid such as ethanol is used in this 

study. Physical properties of studied soil and 

properties of ethanol used were summarised in Table 

1 & 2 respectively. The chemical properties of the 

ethanol as provided by the vendor were reported in 

Table 2. About 120-250 g of each soil finer than 425 µ 

was taken. Ethanol and water was added separately to 

each of the soil sample. The percentage of water 

added was kept 5%-10% more than the liquid limits. In 

case of ethanol, an estimated percentage of ethanol 

was added for preparing a slurry samples. The slurry 
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samples were tied in polythene bag and kept in 

desiccators for 5-7 days for complete maturation and 

uniform distribution of moisture throughout the 

sample. 

 

Table 1. Properties of soil studied 

 

Properties                   Bentonites 

 B1 B2 B3 B4 

Fine sand (0.425-

0.075mm) 

2.4 3.8 1.4 1.5 

Silt size (0.075-0.002mm) 35 

 

27 

 

20 

 

15 

 

Clay size (<0.002) )mm) 63 70 79 84 

Liquid Limit (%) 166 275 470 596 

Plastic Limit (%) 36 43 47 61 

Specific Gravity 2.76 2.76 2.75 2.77 

SSA (m
2
/g) 401.5 375.5 495 445.2 

 

                        Table 2. Properties of ethanol 

 

Properties  

Purity 100%  alcohol by volume 

Melting point 114.1 °C 

Boiling point 78.2° C 

Density at 25°C (g/ml) 0.7893 

Viscosity at 25°C (g/ml) 0.694 

Flash point 13°C 

 

3.2 Methodology 

Volume change behaviour of highly plastic clays can be 

characterised using different laboratory techniques. 

One of such method is balloon method. Tariq and 

Durnford (1993a), proposed this method for the 

evaluation of VSC of disturbed samples. A small 

portion of saturated soil sample was filled into a 

rubber balloon up to a level little lower than its mouth 

level. The rubber balloon was then connected to a 

wooden cork fitted with hanging hook and also with 

an inlet and an outlet pipe. The main function of inlet 

and outlet pipe is to allow circulation of air throughout 

the sample. Inlet pipe was connected with an air pump 

and the pressure of air flow is kept very low (50 to 150 

lit per hr) to avoid cracking at the initial stage. 

Duration taken for complete air drying of the sample 

varies in all the soils. In soil B1 the liquid limit is very 

low compared to soil B4, thus the time taken for 

complete air drying of soil B4 is more compared to soil 

B1. At a regular interval of time weight was measured 

using weight machine and the volume was determined 

by Archimedes Principle. After no further decrease in 

weight was observed, the sample was removed from 

the rubber balloon and oven dried for determining the 

water content at each stage of volume measurement. 

The volume of the balloon was not considered in the 

specimen volume calculations. 

 

4 Results and Discussions 

The Diffuse double layer (DDL) thickness of clay soil is 

greatly affected by the dielectric constant of pore 

fluid. This dielectric constant is much higher in water 

than in ethanol. Higher is the dielectric constant, 

higher will be the thickness of diffuse double layer and 

vice versa. In this study, the VSC data was expressed in 

terms of void ratio. A comparison between VSC data 

obtained using ethanol and water as pore fluids for 

soil B2 was presented in Figure 2. The plot shows 

distinct phases of normal, residual and zero shrinkage. 
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Structural shrinkage phase is missing, which agrees 

with the conclusion made by (Chertkov, 2003). From 

the plot it is observed that the initial void ratio in the 

case of water is high when compared to ethanol; this 

is because of high liquid limit. It is also observed that a 

higher shrinkage limit results in ethanol-B2 (38%) than 

in water-B2 (18%) sample. Due to lower dielectric 

constant of ethanol (24) thickness of DDL is 

 

Figure 2. VSC of B2 for different pore fluids 

constant at high moisture content. A similar trend is 

followed in other three soils. 

 

5 Conclusion 

Shrinkage limit moisture content(%) of studied 

bentonites thus increases with a decrease in dielectric 

constant of the pore fluid. 
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