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ABSTRACT 
Expansive clays exhibit some attractive featuressuch as high swelling capacity and very low hydraulic conductivity, 
for which it is deemed as the mostsuitable naturally available material for the design of barrier/buffer material in 
many geo-environmental engineering practices.Equilibrium sediment volume (ESV) is an important surrogate 
compatibility test used for assessing the expansiveness of a clays and also utilized for qualitative understanding of 
the swelling characteristics of clays, mineral identification, and correlating with different geotechnical properties of 
clays. A detailed understanding of the influencing parameters on ESV provides useful insights into the fundamental 
behavior of expansive clays.  The main objective of this work was to develop a theoretical model for equilibrium 
sediment volume of clays in the presence of salt solutions using the concept of diffuse double layer theory. The 
proposed model was in very good agreement with the measured data obtained from literature and experiments 
carried out in this study. ESV was found to be in a linear relationship with the SSA of soils. 
 
 
1 INTRODUCTION 
 
Bentonite clays are receiving significant consideration in 
many geo-environmental applications; e.g., as buffer 
and backfill material in the high-level nuclear waste 
repositories (Tripathy et al. 2004); as landfill liner in 
toxic and municipal solid waste repositories to control 
the migration of contaminants (Bharat et al., 2009); as 
shortcrete lining and drilling fluid in tunnel construction; 
as reactive barrier in slurry trench cutoff walls (Koch et 
al., 2002). The ability to resist migration of contaminants 
due to very low hydraulic conductivity, high-ion 
adsorption capacity, and high-swelling abilities are 
some of the attractive features for which clays are being 
recognized as the most suitable naturally available 
candidate for serving the aforementioned roles in 
various sustainable engineered systems (Schanz and 
Tripathy, 2009). 

Equilibrium sediment volume (ESV) is an important 
surrogate compatibility test used for assessing the 
expansiveness of a clays for several decades. The ESV 
data are also utilized for qualitative understanding of the 
swelling characteristics of clays, mineral identification, 
and correlating with different geotechnical properties of 
clays. Study on the sediment volume behavior of plastic 
clays subjected to the influence of various 
physicochemical factors is, therefore, important for 
assessing the performance of a given clay soil in waste 
containment facilities. A detailed understanding of the 
influencing parameters on ESV provides useful insights 
into the fundamental behavior of expansive clays.  ESV 
behavior of clays are qualitatively understood through 
experimental studies only. Theoretical study for 
quantitative understanding of the equilibrium sediment 
volume of the clays is yet to be explored.  

The main objective of this work was to develop a 
theoretical model for equilibrium sediment volume of 
clays in the presence of salt solutions. Concept of 
diffuse double layer theory was utilized to develop an 
analytical model for estimating the diffuse double layer 

thickness in interacting clay-electrolyte system at a very 
low interaction level. The model was used to predict the 
ESV of plastic clays in electrolyte environment. The 
predicted ESV data were analyzed to study the 
influence of various pore fluid and soil parameters and 
the obtained results were critically discussed. 

 
2 DIFFUSE DOUBLE LAYER THEORY 
 
Clay particles, when come in contact with water or 
electrolyte solutions, diffuse double layer develop 
around it, following its colloidal nature. The potential 
distribution in a diffuse double layer around a clay plate, 
as suggested by Gouy-Chapman (1911), is illustrated in 
Figure 1.  
 
2.1 Non-interacting clay platelets 
 
The electrostatic potential distribution in DDL of a single 
plate is given by Poison-Boltzman equation as shown 
below: 
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The electric potential near the surface is calculated as,  
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where, y is the scaled electrostatic potential ( ve RT / ), 

at any distance x , from the surface of the single clay 

plate, z  is the scaled surface potential

0 0( )z ve KT vF RT   , 1  is the 

characteristics length or Debye length, 
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e  is the elementary electric charge  esu
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v  is the valence of ions,  is the dielectric constant, n
is the molar concentration of the ions in bulk solution 
(M), K  is the Boltzmann constant, F  is the Faraday 

constant and   is the electric potential at any distance 

x .
ECC and

SAS  are respectively the cation exchange 

capacity in meq/100gand the specific surface area in 
m2/g of the soil. 
 
 

 
Figure 1. Illustration of diffuse double layer around a 
clay platelet (After Bharat and Sridharan, 2015b) 
 
 
2.2 Interacting platelets  
 

When the distance between two charged plates is such 
that, the diffuse double layer of both the plates 
overlap/interact, then the system is considered as 
interacting system. The resulting potential distribution 
between the two plates are shown in the Figure 2. 
The interaction between diffuse double layer of adjacent 
plates containing exchangeable cations leads to the 
existence of osmotic (repulsive) pressures between the 

plates. The mid-plane potential (
d
 ) thus developed 

between the interacting diffuse double layers at 

equilibrium is the measure of osmotic pressure  P and 

the mid-plane distance  x d  between the clay 

platelets at 

 
Figure 2. Illustration of diffuse double layer around 
interacting and non-interacting plates (After Bharat et 
al., 2013) 
 
 
equilibrium is the measure of void ratio. The void ratio is 
an easily measurable state variable in soil mechanics. 
According to Gouy-Chapman model, the relation 
between void ratio vs. osmotic pressure can be 
obtained using the following relations (Bharat et al., 
2013; Bharat and Sridharan, 2015a): 
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where P is the consolidation pressure ( kPa ), R is the 

gas constant, Tis the absolute temperature, u is the 

scaled midway potential (
d

ve RT / ), ξ is the scaled 

distance x), from the surface of a single clay platelet,

sG  is the specific gravity of soil particles, e is the void 

ratio, 
w is the density of water (kg/m3), tDDLis the 

midway distance between the particles or DDL 

thickness, and 
d is the value of the electrostatic 

potentials at mid plane. 
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3 EQUILIBRIUM SEDIMENT VOLUME (ESV) 
 
ESV tests are routinely performed in the laboratory as 
an index for qualitative assessment of swelling 
behaviour of clay soil. Clay specimen is thoroughly 
mixed with a given electrolyte solution and brought to 
equilibrium as illustrated in Figure 3.During the 
sedimentation process, clay particles settles under the 
self-weight with diffuse double developed to the full 
extent around it and the clay particles are in a parallel 
arrangement (Figure 3). Under this condition, the 
sediment volume is controlled by the diffuse double 
around the particle as the pressure acting on the clay 
particles is zero. 
Theoretical analysis of the sediment volume at 
equilibrium was analyzed using the following 
hypothesis. 
 
3.1 Hypothesis 
 
The clay platelets were assumed to settle 
independently without any aggregation after the clay-
electrolyte mixture was left in a glass jar for equilibrium. 
The adopted procedure for the preparation of clay-
electrolyte mixture would ensure the formation of clay 
suspension without the formation of any aggregates.  
The individual clay platelets come to equilibrium under 
the influence of both body and surface forces during the 
sedimentation. When the clay platelets come close to 
each other under the influence of body forces due to 
gravity, electrostatic forces get mobilized due to the 
interaction of DDLs. The body forces bring the platelets 
together, but the electrostatic repulsive pressures due 
to the surface forces separate the platelets away from 
each other to increase the free energy of the system. At 
equilibrium, the body forces due to gravity must be 
equal to the electrostatic surface forces. Body forces 
due to gravity were considered in this study to avoid 
singularity of the integral solution (i.e., eq.6). 
Electrostatic repulsive forces are dominant at low 
electrolyte concentration due to large DDL thicknesses. 
The platelets assume parallel-plate arrangement at the 
bottom of the jar at equilibrium under the influence of 
such forces (see inset in Fig. 3b for the illustration). The 
clay platelets are, however, flocculated at high 
electrolyte concentrations (n>1 M) (van Olphen, 1977) 
due to dominant nature of the van der Walls forces. The 
van der Waals forces were, however, ignored in this 
work. The sediment volume was analyzed at different 
electrolyte concentrations to analyze the influence of 
concentrations on the clay fabric. 

The bentonite samples consisted of small 
percentages of silt and fine-sand content. The influence 
of silt and fine-sand content was explicitly not 
considered on the sediment volume. The decrease in 
the measured specific surface area values, however, 
decreased the predicted sediment volumes for different 
bentonites and electrolytes due to the contribution from 
the non-clay content. The significance of this 
assumption was discussed when the experimental 
results were analyzed with the proposed model. 
 
 

 
Figure 3 Illustration of the equilibrium sediment volume 
test (a) at the beginning and (b) at equilibrium (inset: 
assumed assumption of parallel clay plate arrangement 
in the sediment) (After Bharat and Das, 2017) 
 
 

The size of the clay platelets in the natural soils vary 
in several orders of magnitude. The measured SSA, 
therefore, only represents equivalent value for the 
bentonite. The bentonite specimen was, however, 
assumed to be consisting of equal DDL thickness for all 
the platelets independent of the size of the clay platelet. 
The DDL thickness was observed to be independent of 
SSA as shown in the present results. The assumption 
made here was, therefore, justified. The DDL theory 
was used to relate the distance between the platelets 
with the osmotic pressure by solving Eqs. 3 &6 and 
using the aforementioned hypothesis. The osmotic 
pressure is equal to the body forces due to gravity at 
equilibrium which can be computed if the clay platelet 
thickness is known. Equilibrium sediment volume, which 
is a measurable quantity in the experiments, can be 
related to the distance between the platelets as follows: 
Consider two parallel clay platelets of area A and 
thickness tp, separated by an average distance of 2d 
under the influence of self-weight (combination of clay 
platelets and the DDLs) as shown in Figure4. The 
volume of the water Vw is 
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and the volume of soil solids (i.e., clay platelets) is 
 
 

s pV A t 
 

 
 
The void ratio e can be expressed as  
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Figure 4. Illustration of void space between the parallel 
plate clay system (After Bharat and Das, 2017) 

 
 

The specific surface area (surface area per unit mass), 
SSA, can be written, after neglecting the contribution of 
the edges, as 
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whereGs is the specific gravity of the solids and w is 

the density of fluid. 
Substituting for tp in Eq. 8 using the Eq. 9 gives 
 
 

 SA DDL w se S t G [10] 

 
 
where tDDL is the DDL thickness. The equilibrium 

sediment volume, which is the total measured sediment 
volume in the tests, can be related to the void ratio as 
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where Ms is the dry mass of the bentonite. The DDL 
thickness, tDDL, is unknown for theoretical estimation of 
ESV.  
 
3.2 Computation of DDL thickness 
 
Analytical solution was derived when the osmotic 
pressure at the mid-plane distance was very small (i.e., 
equal to the body forces). The DDLs of the platelets 
undergo very small interaction under such forces. The 
Eq. 4 can be written in terms of DDL thickness as: 
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Considering the fact that the clay platelets are 
interacting only under the influence of body forces that 

are negligible compared to the surface forces (i.e., u is 

negligible), Eq. 16 was approximated as 
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where
d

y  in the upper limit of integration is written as 

 R 1cosh 1 2P n T (from Eq. 3). The scaled mid-

plane potential was, however, used and not neglected 
in the upper limit of the integral to avoid singularity of 
the solution. The pressure due to body forces can be 
estimated if the thickness of the clay platelet is known. 
The mean thickness of the smectite platelets is found to 
be equal to 10 Å (Nadeau, 1985). The particle thickness 
of up to 40 Å is observed for randomly interstratified 
minerals. The mean thickness was used in the 
calculations as a thickness of 40 Å did not provide 
significant changes in the theoretically estimated ESV 
values. The weight of an individual platelet due to body 
force along with the DDLs can be estimated as 
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whereA is the cross-sectional area and s  is the unit 

weight of clay platelets, and w  is the unit weight of 

pore-fluid. Substitution of Eq. 14 in Eq. 13 gives  
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which can alternatively be written as  
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The analytical solution to Eq. 15 was given by: 
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and after simplification 
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where  1  is expressed in Å and the dimensionless 

surface potential can be expressed as (Bharat et al., 
2013; Bharat and Sridharan, 2015a): 

The scaled surface potential for very low interaction 
i.e. u = 0, can be obtained as  
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As the variation of the scaled surface potential with 
scaled mid-plane potential is negligible at small 

interactions (i.e., tDDL>>1), Eq. 18 provides an 

accurate estimation of scaled surface potential. 
According to Eq. 17, the DDL thickness of an individual 
clay platelet in equilibrium sediment volume depends on 
the scaled surface potential, pore-fluid parameters, and 
the DDL thickness (which is unknown). The implicit 
equation was solved for DDL thickness iteratively as 
explained in Appendix. The equation was quickly 
converged in just two iterations. The accuracy of the 
proposed analytical solution was verified by comparing 
with the existing numerical solution (Bharat et al., 2013; 
Bharat and Sridharan, 2015a). The analytical solution 
was in good agreement with the numerical solution 
showing a correlation coefficient of R2 = 0.999. The 
approximation of Eq. 12 to Eq. 13 was, therefore, 
insignificant. The analytical solution was accurate and 
simple to predict theoretical tDDL for known pore-fluid 

and clay surface parameters. The numerical solution, 
on the other hand, required the solution of an elliptic 
integral in each iteration and was tedious to obtain. The 
proposed analytical solution was, then used for 
theoretical estimation of ESV of bentonites, where only 
body forces are existing on clay-electrolyte system 
 
 
4 PARAMETRIC STUDY 
 
A detailed parametric study was carried out to 
understand the influence various pore fluid and soil 
parameters on the ESV of clays. The ESV was found to 
decrease with increase in the concentration of the pore 
fluid (Figure 5a & 5c).The tendency of the counter-ions 
to diffuse away from the surface reduces as the ion 
concentration in the bulk solution increases. This results 
in compression of the diffuse double layer developed 
around the surfaceof a clay particle leading to a 
decrease in the ESV. The valence of the cations in the 
pore fluids was observed to be significantly influence 
the ESV (Figure 5a) as the presence of higher valence 
cations results in a significant reduction in the DDL 
thickness. 
 

 
Figure 5a. Variation of ESV with concentration of two 
pore fluids having two different cationic valences. 

 
 

The electric permittivity of the pore fluid has a 
significant effect on the thickness of diffuse double 
layer. The ability of the counter-ions to diffuse away 
from the surface decreases as the permittivity or the 
dielectric constant of the pore fluid medium decreases. 
DDL thickness and therefore, consequently the EVR 
decreased with decrease in the dielectric constant of 
pore fluid (Figure 5b). 

The theoretical ESV of soils having three different 
specific surface area in various pore fluids having 
different di-electric properties are presented in Figure 
5b. the estimated ESV was found to be increasing as 
the surface area of soils was increased. The influence 
of di-electric constant was significant for soils having 
higher surface area and the effect diminishes as the 
surface area is reduced. Figure 5c shows the effect of 
pore fluid concentration on the ESV of soils with 
different specific surface area. The influence of 
concentration on the ESV reduces as the surface area 
of soils is decreased. The cation exchange capacity of 
soil did not show any influence on ESV, however the 
mixed valence in the exchangeable cations has a 
significant influence on ESV which is evident from the 
influence of valence of cations. 

 
 

 
Figure 5b. Variation of ESV of soils having three 
different SSA with dielectric properties of pore fluid  
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Figure 5c. Variation of ESV of soils having three 
different SSA with pore fluid concentration  

 
 

5. CONCLUSION 
 
An analytical model wasdeveloped for estimation of 
thickness of diffuse double layer in a clay water 
electrolyte system at a very low interaction level. The 
analytical model was utilized to predict the equilibrium 
volume of clay sediments (ESV) by considering the 
body forces in the clay electrolyte system. The model 
incorporates various influencing parameters such as 
pore fluid concentration, dielectric constant, valence of 
cations, specific surface area and cation exchange 
capacity of soil. A quantitative understanding on the 
influence of these parameters on the ESV of soils was 
obtained in this study a through detailed parametric 
study. The specific area of soils showed a direct 
relationship with ESV.  
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