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Abstract: In this study, the combined effect of temperature (T) and pore water salinity on electrical
surface conduction parameters was investigated. Two new electrical surface conduction parameters,
namely, electrical conductivity of effective solid (σs) and size of diffuse double layer (DDL) water per
unit volume of soil (χ), were considered in this study. The tested samples included two commercially
available clays and four natural clay soils with diverse physico-chemical properties. The two surface
conduction parameters were also used to assess the influence of temperature (T) and pore water
salinity, as well as the electrical conductivity of free water (σFW), on the evolution of the free swelling
index (FSI) of clays/clay soils through experimental methods. The findings suggested that elevated
temperature and σFW increased σs but reduced χ, as well as the FSI of clays/clay soils. Furthermore,
the rate of reduction for both χ and FSI augmented under the influence of increased free water salinity,
particularly for clays/clay soils with high swelling capacity. The combined reductions of χ and FSI
provided substantial evidence that clay DDL thickness decreases as T and σFW increase concurrently.

Keywords: temperature; diffuse double layer; electrical surface conduction; water salinity; free
swelling index

1. Introduction

Temperature has a significant impact on the physico-chemical properties of soils.
Electrical conductivity (EC) is one of the properties of soils which is influenced by tempera-
ture [1,2], as well as pore water salinity [3–6], soil mineralogy [7], moisture content [8,9],
porosity [10,11], and soil anisotropy [12,13], to name a few. The advantage of using EC
in geotechnical engineering has been widely discussed, and this approach is favoured,
particularly in the investigation of subsurface ground [14–17]. However, the efficacy of EC
measurements in geotechnical applications could be improved by understanding changes
in influential parameters, such as the electrical surface conductivity and swelling behaviour
of clays as functions of temperature and pore water salinity. This would provide a more
comprehensive understanding of the relevance of electric response in surveys with possible
improvements for future applications. Meanwhile, it is a well-known fact that swelling in
soil can pervasively damage light structures such as railroads or highways [3,18]. Elevated
temperatures around the globe due to incessant climate change may not adversely affect
structures, but they can certainly govern coupling effects to cause negative outcomes in
the environment on a broader scale, such as continuous soil swelling and shrinkage (to-
tal volume change), evapotranspiration, and vegetation loss. Among these, the swelling
behaviour can be determined by understanding the soil mineralogy and chemical com-
position; however, this is an extremely complicated process in engineering practice [19].
Consequently, EC has been identified as a suitable metric for predicting soil swelling poten-
tial [20–22]. Nevertheless, this practice is appropriate in a laboratory-based environment,
where temperature variations are not considered. At an elevated temperature, the ECs
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of soil and water and the degree of free swelling of soils will be impacted. Therefore,
the collective response of the electrical and swelling properties of soils as a function of
temperature will be pivotal in improving the accuracy of EC-based geotechnical equipment,
such as electrical resistivity tomography (ERT).

Soil is a complex material that can be considered as a multi-phase unit consisting
of a solid and a pore water/fluid phase. The pore water typically contains different salt
concentrations (molarity) which can directly influence electrical conduction through the
soil–liquid phase. However, soil electrical conduction also varies with the mineralogical
properties which control fluid–particle interactions; this can lead to the formation of a
surface conduction layer that surrounds the solid particle surface [23–25]. This layer is
called the diffuse double layer (DDL) and it plays an integral role in the overall electrical
conductivity of clay. The electrical properties of this layer are controlled by the pore water
salinity and surface charge properties of clay particles. The electrical properties of DDL
water are different from those of free water but have similarities with those of bound
water [26,27]. The thickness of the DDL surrounding clay particles is governed by the salt
concentration and the cation(s) existing within the suspension [28,29]. Due to the strong
attraction between the cation(s) and anion(s) in the DDL, ions in the DDL possess less
mobility than those in free water. Increasing the salt concentration within a solution can
lead to a reduction in the DDL thickness. Cations within the proximity of clay particles
are held dominantly by negative charges, and therefore, the mobility of the ions in the
DDL decreases. As a consequence, the water content within the clay also controls the
thickness of the DDL. A dry clay sample can still have a DDL [26], but its thickness will be
quite marginal and difficult to measure experimentally. Therefore, most of the published
works on soil EC models have ignored the inclusion of a DDL. The development of the
DDL largely depends on the minerology of the clays and the type of water considered in a
specific sample. Prior to the full development stage, the DDL will exhibit a gradual increase
in swelling, i.e., similar to the expansion of clay. Clay mixed with distilled water will not
have a fully developed DDL, as most of the clay particles will remain isolated [30]. It is a
known fact that water is attracted to the mineral surface of clay, and since the DDL is not
fully developed within distilled water, it is evident that conventional free swelling tests
alone will not be an ideal observation method to investigate changes in DDL thickness.
Therefore, investigation of changes in the swelling of clay with water with different salt
concentrations and at different temperatures remains a requirement to understand the
effect on the DDL.

The effect of pore water salinity on surface conduction and the DDL has been acknowl-
edged by several researchers [31–33]. As the pore water salinity increases, the surface
conduction effect increases due to an increase in ion mobility [12,23]. On the other hand,
elevated temperature affects the fluid viscosity and, consequently, increases the EC of
soils by causing spatio-temporal variations in the measurements. There have been some
studies in the past where temperature was considered as a major variable in understanding
the sensitivity to the physical properties of clays, but only a few researchers mentioned
EC, due to the complexities involved in understanding this metric. Recently, Ko et al. [1]
reviewed the existing methodologies on soil EC models and presented a modified equation
which incorporates temperature variations. While the findings were improvements in the
EC–temperature area, the possible outcome of those works when applied to soils with
higher plasticity remained inconclusive, despite considering bentonite in the experiment. A
high swelling clay like bentonite can have a liquid limit of up to 500%, with a comparatively
greater DDL thickness [12,32]; therefore, analysing the effect of temperature on the EC of
soils by only considering low plastic clay should not be a standard practice. In addition,
changes in the DDL of clay particles need to be included as well.

The combined effects of pore water salinity and temperature on the DDL have been
inconclusive without substantial evidence. Mitchell and Soga [31] demonstrated that
with an increase in temperature, the DDL thickness increases, since the dielectric constant
decreases, whereas for a constant surface charge, the surface potential increases as the
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dielectric constant decreases. Therefore, considering both characteristics, changes in DDL
thickness have a negligible impact as a function of temperature. The small variations in
dielectric constant × temperature (DT) values serve as the foundation of the statement of
Mitchell and Soga [31]. Sposito [33] showed that the D of water in soil could be between 2
and 50, which makes the assumptions of Mitchell and Soga [31] doubtful. Furthermore, it
was observed that the D of a substance (for example, water) decreases as the temperature
increases. However, the dependency of D on temperature for soil is more complicated
due to the existence of surrounding or bound water. As the temperature increases, the
molecular vibrations of the water and cations attracted to the soil particles affect the dipole.
In reality, the effect of temperature on D is highly dependent on the type of soil. According
to Seyfried and Murdock [34], D can either increase or decrease as the temperature increases,
but the impact is not negligible and requires further explanation. In addition, the concept
explained by Mitchell and Soga [31] was derived considering the Gouy-Chapman model
for the DDL [35,36]. The Gouy-Chapman theory for DDL has numerous limitations, as the
theory does not consider the interaction between clay particles, the electrical properties
of water, the hydration properties of clay, and interactive attractive forces [37,38]. As
clay particles come into contact with free water, there is a degree of flocculation observed,
and these enhanced flocs will affect the microstructural configuration of clay particles. In
addition, during the hydration process, interparticle repulsive forces will exist; this will
depend on the water content, pore water salinity, and minerology of the clay particles.
Those effects are all connected to clay–water interaction and, finally, DDL. Therefore, the
concept regarding DDL thickness, as presented in the Gouy-Chapman theory, should be
revised to take into account the aforementioned shortcomings.

Based on the above discussion, it could be inferred that further investigations are
required to collectively understand the effect of temperature on soil electrical surface
conduction parameters and free swelling. This will lead to observations of changes in the
DDL of soils. In fact, determining these properties will provide a major advantage in terms
of our understanding of the electro-chemical behaviour of soils in geotechnical engineering
applications, allowing us developing an accurate soil electrical conductivity model. Here,
the DDL could be integrated as a major element [12,23]. The present study aimed to measure
the surface electrical conductivity of clay particles under different temperatures and water
salinity levels using the methodology introduced by Hasan et al. [12] and to provide a better
explanation of the changes in DDL thickness of clays with experimental evidence. In order
to achieve this, parametric sensitivity analyses of electrical surface conduction parameters
and free swelling as functions of temperature and pore water salinity were conducted. Two
electrical surface conduction parameters (σs and χ) were re-utilised from a series of works
published by the authors [12,23]. Later, numerous free swelling tests were conducted under
different pore water salinity levels and elevated temperatures, considering both natural
clay soils and laboratory-based clays.

2. Surface Conduction Parameters

Most of the existing clay conductivity models consider each solid clay particle as an
insulating material and assume that electrical conduction goes through the conductive fluid
path only. In order to include the role of the DDL in the electrical conductivity of clays, the
present approach considers the clay particle and its surrounding diffuse double layer as
a single unit, called an effective clay particle [12,23], as shown in Figure 1. Following the
concept of an effective solid phase, the total volume of saturated clay, V, can be expressed
as follows [12]:

V = Vf
w + Ve

s (1)

where Vf
w and Ve

s are the volumes of the free water and effective solid, respectively. These
volumes are different from the total volume of water, Vw, and volume of solid, Vs, and can
be determined as follows [12]:

Vf
w = Vw −VDDL

w = [n− (1− n)(χ− 1)]V (2)
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Ve
s = Vs + VDDL

w = (1− n)χV (3)

where

χ =
Ve

s
Vs

(4)

n =
Vv

V
(5)

ne =
Vf

w
V

(6)

χ =
1− ne

1− n
(7)

Here, VDDL
w and Vv are the volumes of DDL water and void, respectively, n is the

porosity, and ne is the effective porosity. The volumes of both the free water (Vf
w) and

effective solid (Ve
s) can be determined from Equations (2) and (3), respectively. Parameter χ

represents the ratio of Ve
s and Vs, and based on the definition of the effective solid, Ve

s ≥ Vs.
Therefore, χ (≥1.0) can indirectly express the overall size of DDL water per unit volume
of clay.
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Figure 1. Visual representation of effective clay particle/effective solid formation with DDL water
(based on [23]).

As the temperature increases, the solid undergoes physical changes as its volume
changes due to thermal expansion. The thermal expansion can be observed in terms of
changes in shape, area, volume, and density, as a function of temperature. In this study,
thermal expansion is considered to change the volume of the soil and is hence referred to
as soil thermal expansion of volume. At the elevated temperature, the soil particles start to
oscillate and become mobile. Therefore, the interparticle distance increases, leading to an
expansion of the solid material. The thermal expansion coefficient of soil explains how the
size of soil volume changes with temperature, particularly the fractional change in the total
volume of the soil as temperature increases.

In this case, the thermal expansion coefficient of soil solids is considered to determine
the volume of the solid. This can be expressed as follows:

V’
s = Vs

[(
T’ − T

)
α + 1

]
(8)

where V’
s is the final volume of the solid at elevated temperature T

′
, and T is room

temperature (typically 25 ◦C). Parameter α is the thermal expansion coefficient of solid
soils and has a typical value of 10−5 ◦C−1 [39–41]; this was applied when determining V’

s.
An experimental test was conducted in this study to determine the volume and the

electrical properties of effective clay particles (solid + DDL water). The method involved
measuring the electrical conductivity of a diluted clay–water system, σmix. This system
can be mathematically expressed using the series-parallel approach (Figure 2) as follows
(Ohm’s law) [12]:

σmix =
a

d
σs

+ 1−d
σFw

+ bσw (9)
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where σFw is the electrical conductivity of free water, and σs is the electrical conductivity
of the effective solid. Considering that the electrical conductivity of a diluted clay–water
system is isotropic (a = d), the parameters in Equation (9) can be determined as follows [12]:

ad = 1− ne (10)

a =
√
(1− n)χ (11)

b = 1−
√
(1− n)χ (12)
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Therefore, Equation (10) can be written as follows:

σmix =

√
(1− n)χ√

(1−n)χ
σs

+
1−
√

(1−n)χ
σFw

+

(
1−

√
(1− n)χ

)
σFw (13)

To find unknown electrical surface conduction parameters χ and σs, the electrical
conductivity of two different diluted clay–water systems, in terms of their n value (n1, n2),
should be measured experimentally. The results of the tests can be used to find χ and σs by
back-calculation, as follows [12]:

χ =
(N2 −N1)σmix1wσmix2w

σFw

[
(N2)

2σmix1 − (N1)
2σmix2 + σFw

{
(N1)

2 − (N2)
2
}] (14)

σs =
N1N2(N1 −N2)σFwσmix1wσmix2w(N2σmix1w + N1σmix2w)

(N1)
2(N2)

2
σmix1,2wσmix1wσmix2w −N1N2

[
σmix1wσmix2w{(N2)

2
σmix1w − (N1)

2
σmix2w

}
] + σFw

{
(N2)

4
σmix1w

2 + (N1)
4
σmix2w

2
} (15)

Details of the notations and expressions in Equations (14) and (15) can be found in the
appendices of a previously published work by the present authors [12].

3. Problem Statement and Assumptions

The objective of the present study was to validate the effect of T and σFW on DDL
thickness by observing the changes in σs, χ, and FSI. As per proven conventional theory,
increasing T will increase σFW, and consequently, increasing σFW will increase the σs of
the soils [12,23]. However, the major focus of this study was on applying the combined
changes in χ and FSI to provide evidence of changes in the thickness of the DDL. As
shown in Figure 3a, it can be observed that in an uninterrupted clay/clay soil–water
homogeneous suspension, clay particles surrounded by a DDL will settle at the base due to
sedimentation. As time progresses, the suspension will lose most of its homogeneity in the
top half of the beaker, and most of the clay particles will settle at the bottom, as shown in
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Figure 3b. Considering that each clay particle is surrounded with a DDL, in accordance with
Figures 1 and 2, the settled agglomerates will exhibit different degrees of swelling based
on the physico-chemical properties of clay materials. For example, bentonite demonstrates
a more pronounced swelling behaviour compared to the other clays. However, if the free
swelling as well as χ are reduced, the observed height of the settled clay particles (h in
Figure 3b) will be reduced (h’ in Figure 3c), which will effectively indicate a reduction in
the DDL thickness (h > h′). Experimental validation was needed to prove this assumption.
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Figure 3. The assumptions considered in this study where (a) generic DDL development along with
settling clay particles are shown, (b) free swelling at the base is theorised, and (c) reduction in the
DDL thickness is anticipated.

As per the above explanation, it was necessary to provide substantial evidence of the
DDL thickness as a function of T and σFW. As a result, the collective effects of T and σFW
on both χ and FSI were experimentally investigated in this study. According to Equation
(7), term χ can indirectly express the overall size of DDL water per unit volume of clay.
However, the reduction in χ as a function T and σFW may not be an ideal indicator alone
in terms of drawing conclusions about the effect on the DDL. Therefore, the FSI test was
included in our study. It is evident that the FSI test should only be conducted in de-ionised
water. However, in order to prove the aforementioned assumptions, saline solutions were
required to add variations in the observations. Therefore, the FSI test was also conducted
using two different saline solutions, namely, saline-1 (0.5 g/L NaCl) and saline-2 (1 g/L
NaCl); this test was referred to as the “modified FSI test” in this study.

4. Materials and Methods

The experimental programmes were divided into two major phases. The first phase
included the experiment to determine χ and σs, as described in Hasan et al. [12]. The
second and last phase consisted of the free swelling test at elevated temperatures to observe
the changes in χ and σs.

4.1. Sensors and Equipment

At the beginning, soils were passed through sieve no. 200 (75 µm). Each soil sample
was then oven-dried for 24 h before the preparation for the experiments. The oven-dried
soils were poured into a 500 mL aluminium container. A MATEST suspension mixture,
which has a rotary blade attached to a metal rod, was used to prepare the homogenous
suspensions. The mixing process continued for at least 30 min. Each suspension was
subjected to EC measurement using an EC meter, manufactured by Horiba Scientific,
Piscataway, NJ, USA (LAQUA-PC1100).
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One of the major objectives of this study was to include variable temperatures up to
40 ◦C, with a view to observing the effect of temperature on the EC parameters as well as the
pore water salinity. The desired temperature was attained using a temperature controlling
water bath, manufactured by Thermo Scientific. Prior to the EC reading of each suspension,
the temperature was carefully checked. The EC meter also came with additional sensors
which can provide the temperature and pH of any solution or suspension. The temperature
sensor of the EC meter was also calibrated with the temperature controlling water bath in
order to maintain the consistency and accuracy of the readings.

The modified FSI test did not require the preparation of suspensions. Beakers of
100 mL volume were used for the FSI tests. Each sample was kept inside an oven for 24 h
at a fixed temperature ranging from 25 ◦C to 40 ◦C (as required) to observe the changes in
the swelling as a function of temperature. Each beaker was also covered with a lid which
was resilient to constant overnight heating. This process ensured that the evaporation of
water did not affect the experiments. Similar tests were conducted for all the considered
soils at different salt concentrations.

4.2. Tested Clays and Clay Soils

Six types of samples were considered in this study, i.e., laboratory-based kaolin and
bentonite clays and four other natural clay soils, namely, dermosol, chromosol, flowerdale,
and craigieburn. The natural clay soils were collected from different locations in Australia.
Dermosol and chromosol were collected from the Goulburn Broken Region in Victoria.
Craigieburn clay soil was named after Craigieburn in Victoria and was obtained from there.
Flowerdale was collected from Katoomba, New South Wales. The available geotechnical
properties of the tested samples from the suppliers have been mentioned in Table 1.

Table 1. Properties of the tested samples.

Properties Kaolin Bentonite Dermosol Chromosol Flowerdale Craigieburn

Liquid Limit (%) 74 504 59 58 29 97
Plastic Limit (%) 32 53 29 27 21 31

Specific gravity (Gs) 2.58 2.68 2.6 2.59 2.56 2.6
Fine content (%) 100 100 46 6 16 60

pH in water (28–40% solid)
CEC 1 (meq/100 g)

7
0.075

9.5
80

5.17
2.9

5.5
4.5

4.9
-

7.4
-

1 Cation Exchange Capacity.

4.3. Determining EC Parameters at Elevated Temperature

The experiment to determine the EC parameters consisted of preparing two different
diluted clay–water homogeneous suspensions based on two different clay concentrations
(10 g/L and 20 g/L) [12,23]. The value of σFW was known prior to mixing. All the tested
samples were oven-dried for at least 24 h prior to the experiments.

However, Hasan et al. [12,23] did not consider changes in temperature. Therefore,
the water temperature was varied in a laboratory environment for this study. The pro-
cess involved preparing two identical suspensions inside a temperature bath chamber
to elevate the temperature to four different levels (25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C). Once
the targeted temperature had been reached, σFW, σmix1, and σmix2 were measured and
Equations (14) and (15) were utilised to determine χ and σs, respectively.

4.4. Modified FSI Test

The experimental programme to determine FSI was also modified to incorporate the
effect of temperature. The standard FSI test was conducted as described in the litera-
ture [42,43]. However, since the motivation of this study was to investigate the effect of
temperature and pore water salinity on the EC parameters and FSI, the modified FSI was
also conducted at different temperatures, ranging from 25 ◦C to 40 ◦C. Free swell is defined
as the increase in the soil volume from a loose and dry powder form once it is poured
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into water freely. The free swell is expressed as a percentage of the original volume of the
dry soil. In general, the FSI test is conducted at constant room temperature (25 ◦C). The
following equation is universally accepted to determine the FSI of soils:

FSI =
Finalvolume(VF)− initialvolume(Vi)

initialvolume(Vi)
× 100 (16)

5. Results and Discussions
5.1. Concurrent Effect of Temperature and Pore Water Salinity on σs

Figure 4 illustrates the evolutions of electrical conductivity parameter σs as a function
of σFW and T for all of the tested materials. In total, each sample had 12 measured data,
4 each for each type of saline water. As T increased, σFW increased consequently, and
with an increase in both T and σFW, the electrical surface conductivity (σs) will increase
concurrently. However, the increasing rate of σs will depend on the type of water solution
considered when preparing the clay/clay soil–water suspension to predict σs.
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Figure 4 shows that the slopes for both the saline-1 and saline-2 solutions were steeper
than for distilled water and so were independent of the nature of the clay sample. This
indicates that the pore water salinity, as well as elevated temperature, had influential
impacts on σs. Although the trendlines and associated equations were found to be linear,
the increasing rate varied based on the type of the sample. For example, the σs of bentonite
increased from 0.082 S/m to 0.1957 S/m as the T increased from 25 ◦C to 40 ◦C in saline-2
solution, which was approximately a 139% increase (Figure 4a). Bentonite has a higher
specific surface area and possesses higher surface conduction. Therefore, it requires more
water during the hydration process. Another laboratory-based clay, i.e., kaolin had compar-
atively lower electrical surface conduction, and therefore, the increasing trend of σs kaolin
was less influenced by the increase in T and σFW (Figure 4b). In terms of natural clay soils,
both dermosol (Figure 4c) and chromosol (Figure 4d) had quite similar increasing trends;
however, the σs values of chromosol were more influenced by the elevated T and σFW. In
fact, the σs measurements of chromosol for saline-1 and saline-2 water almost overlapped,
indicating a big leap from the values obtained from the distilled water solution. Therefore,
compared to dermosol, the σs values were more influenced by the increasing T and σFW
for chromosol (Figure 4d). The accelerated changes in chromosol could be explained by
revisiting Table 1, where it was demonstrated that chromosol possessed about 55% greater
CEC than dermosol. Flowerdale was the most inert among the samples, and the increasing
rate of surface conduction was marginal, as shown in Figure 4e. Although the changes
in σs values for the distilled water solution showed quite steady trends, the values were
still increasing, although compared to the two other saline water solutions, the changes
seemed to be less influential. Finally, craigieburn soil (Figure 4f) also demonstrated a large
increment in σs values due to its higher electrical surface activity, with its augmentation rate
increasing significantly with an increase in the salt concentration in the solutions. While the
σs values increased by approximately 151% (saline-1) and 107% (saline-2) as T increased
from 25 ◦C to 40 ◦C, the changes were recorded to be only 17% in terms of distilled water
within a similar T range. The observations from this section provide evidence that although
increasing T rapidly increases the electrical surface conduction, the rate of augmentation
varies based on the type of saline solution and the properties of samples. However, this
finding was expected, as increasing T and σFW always increases the electrical conductivity
of clays. It was important to assess the changes on DDL thickness as well, which will be
discussed in the coming section.

5.2. Changes in χ and FSI Due to the Combined Effects of Temperature and Pore Water Salinity

In this segment of the study, the combined effects of σFW and T were investigated on
χ. The χ values indirectly represent the DDL thickness and were found to decrease as σFW
and T increased. In order to understand the influence of T and σFW, the changes in χ for all
of the tested samples were observed experimentally. Furthermore, the experimental results
from FSI were analysed together for each sample to demonstrate how changes in the DDL
can be observed experimentally. For ease of understanding, both the χ and FSI values have
been plotted in the same figures with two vertical axes and refer to the provided legends
within each frame in Figure 5.

As per Figure 5, all the tested samples exhibited similar characteristics in terms of
both χ and FSI. It could be seen that as T increased, both χ and FSI plummeted. However,
the decreasing rates were more pronounced in the saline-1 and saline-2 solutions due to
the increased salt concentrations. The reduction in χ could be explained in terms of the
reduction in the volume of DDL water; this observation was found to be in accordance
with data from previously published works [12,23]. Overall, bentonite had χ∈[1.08, 2.01]
as σFW and T varied, which showed greater variation compared to the other clays/clay
soils. However, unlike the σs variations, higher χ values were recorded for distilled water.
When the saline-1 and saline-2 water solutions were considered, a rapid reduction in χ was
observed for bentonite (Figure 5a). The other samples (Figure 5b–f) also demonstrated a
similar trend, but those possessed comparatively lower electro-chemical surface activities,



Minerals 2023, 13, 1110 10 of 18

and therefore, the decreasing rate was not highly accelerated (while remaining noticeable).
To summarise, the values of χ decreased at different rates as T and σFW increased, regardless
of the type of clay/clay soil.
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On the other hand, Figure 5 also demonstrates the changes in FSI as a function of T
and σFW for all of the tested materials (right side of the vertical axis in each frame). In
general, it may be seen that as T increased, FSI decreased concurrently. However, the rate
of decrease and the local maxima and minima were not similar with different σFW. The
maximum FSI was recorded in the standard FSI test, i.e., when the clay or clay soil was
poured into distilled water at T = 25 ◦C. For example, bentonite demonstrated the highest
FSI value, i.e., 605%, at T = 25 ◦C in distilled water, as shown in Figure 5a. However,
as T increased, the σFW of the distilled water marginally increased, which reduced the
electro-osmotic potential of bentonite. Therefore, FSI decreased accordingly. Likewise, in
terms of saline-1 water, the FSI value decreased from its original value (from the distilled
water FSI test) due to the increased salinity. The salinity was influenced by the inclusion
of salt, as well as due to the elevated T. Therefore, the local maxima and minima of FSI
for the saline-1 solution plummeted. Saline-2 water contained a higher salt concentration
than saline-1 water. As a result, the FSI values further decreased due to the effect of
salinity on the swelling potential. Similar characteristics were observed for all of the other
tested samples, as represented in Figure 5b–f. Among the natural clay soils, flowerdale
exhibited the lowest FSI; this was in accordance with an earlier demonstration, as it had
quite inert mineralogical properties (Table 1). While the FSI of bentonite was observed
to be 605% in distilled water at 25 ◦C, this decreased to 365% at the same temperature
when σFW = 0.002 S/m (1 g/L NaCl concentrated saline water) was used [12,23]. These
significant changes were also in accordance with experimental data reported by Shirazi
et al. [44] and Yukselen-Aksoy et al. [45], where the former showed that the liquid limit
of bentonite decreased from 497% to 112% when distilled water was replaced by 0.5 M of
NaCl solution, and the latter demonstrated that the impact of saline water on free swelling
was extensively influenced when the soil had a liquid limit of more than 110%. While
bentonite showed the most noteworthy changes, other clays were considered to show
that the changes depicted in this study are universal for all types of clay and clay soils,
regardless of the geotechnical properties.

5.3. Confirmation of Assumptions

Pore water salinity affects the microstructure configuration of clay particles; this can
be controlled by the interparticle repulsive forces during the hydration process [31]. It was
observed that as the salinity increased, clay plasticity decreased, which led to a reduction
in the interparticle repulsive forces [46]. The steady trend in σs values could be attributed
to the monomodal pore size microstructure (also known as uniform pore size). Meanwhile,
increased salinity created an aggregated microstructure (also known as a bimodal pore
size) [47,48].

The predominant forces, namely, the attractive and repulsive forces among the clay
particles, play significant roles in determining the size of DDL. The physico-chemical
interactions took place once clay particles came in contact with the water, which led to the
formation of an adsorbed water layer. The adsorbed layer behaved similarly to a typical
electrolytic solution, which allowed electrostatic interactions to occur. The interactions
led to ion exchange between the negatively charged clay particle surfaces and the pore
water. Therefore, double layer repulsion occurred during the ion exchange, which was
actually the electrostatic repulsion among the clay particles. An increase in temperature
significantly influenced both the attractive and repulsive forces, and as a consequence, the
charges of the clay particles were changed. Therefore, the temperature increased the pore
water salinity and, in combination, these parameters reduced the DDL thickness as well
as the orientation/structure of the clay particles (clay fabric) and dielectric properties [49],
thus confirming the assumptions stated in Section 3.

Comprehensive results are presented in Table 2 for overall comparisons of the findings
from this study. Terms V1 and V2 refer to the two identical tests conducted at the same
time to avoid experimental errors, and Vavg refers to the mean values calculated from V1
and V2.
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Table 2. Comprehensive experimental results for the clays and clay soils tested in this study.

Sample Type Water Type σfw (S/m) T (◦C) V1 (mL) V2 (mL) Vavg (mL) FSI (%) σs (S/m) χ

Bentonite *

Distilled

0.000085 25 69 72 70.5 605 0.0412 2.01
0.000092 30 51 53 50 420 0.0436 2.00
0.000096 35 44 43 43.5 335 0.045 1.99

0.0001 40 31 30 30.5 205 0.0464 1.92

Saline-1

0.0014 25 55 58 56.5 465 0.08201 1.81
0.00195 30 48 43 45.5 355 0.09829 1.66
0.0026 35 30 33 31.5 215 0.13951 1.51

0.00472 40 26 23 24.5 145 0.195723 1.38

Saline-2

0.002 25 47 46 46.5 365 0.10593 1.59
0.002915 30 39 39 39 290 0.13738 1.38
0.003616 35 24 26 25 150 0.16147 1.23
0.00496 40 22 21 21.5 115 0.20766 1.19

Distilled 0.000085 25 21 21 21 110 0.003425 1.08
0.000092 30 19 19 19 90 0.0035 1.077
0.000096 35 18 17.8 17.9 79 0.00358 1.076

Kaolin *
0.0001 40 17 17 17 70 0.003614 1.075

Saline-1 0.0014 25 18.4 18.5 18.45 84.5 0.00374 1.042
0.00195 30 18.2 18 18.1 81 0.00401 1.034
0.0026 35 17 17 17 70 0.00461 1.029

0.00472 40 16 16 16 60 0.004763 1.020

Saline-2 0.002 25 18 17.5 17.75 77.5 0.003988 1.024
0.002915 30 17 17 17 70 0.004257 1.021
0.003616 35 15 14.5 14.75 47.5 0.004963 1.018
0.00496 40 13 13.5 13.25 32.5 0.005258 1.014

Distilled

0.000085 25 17.3 17.3 17.3 73 0.00112 1.106
0.000092 30 17 17 17 70 0.00147 1.082

Dermosol ˆ

0.000096 35 16.7 16.8 16.75 67.5 0.00178 1.076
0.0001 40 16.4 16.5 16.45 64.5 0.00186 1.074

Saline-1

0.0014 25 16.5 16.7 16.6 66 0.003661 1.031
0.00195 30 16.3 16.3 16.3 63 0.00381 1.029
0.0026 35 15.9 15.9 15.9 59 0.004103 1.028

0.00472 40 15.6 15.6 15.6 56 0.00433 1.026

Saline-2
0.002 25 16 16.2 16.1 61 0.004532 1.022

0.002915 30 15.7 15.6 15.65 56.5 0.00493 1.020
0.003616 35 15.4 15.3 15.35 53.5 0.005301 1.018
0.00496 40 15 15 15 50 0.00584 1.014

Chromosol ˆ

Distilled

0.000085 25 19 18.8 18.9 89 0.003279 1.055
0.000092 30 17.5 17.7 17.6 76 0.003291 1.054
0.000096 35 17 16.8 16.9 69 0.003306 1.052

0.0001 40 16.2 16 16.1 61 0.003318 1.050

Saline-1

0.0014 25 15.3 15.2 15.25 52.5 0.00454 1.025
0.00195 30 15 14.8 14.9 49 0.005284 1.023
0.0026 35 14.8 14.7 14.75 47.5 0.00591 1.022

0.00472 40 14.5 14.5 14.5 45 0.006294 1.020

Saline-2

0.002 25 15 15 15 50 0.005104 1.022
0.002915 30 14.7 14.5 14.6 46 0.005598 1.020
0.003616 35 14.3 14.2 14.25 42.5 0.006035 1.018
0.00496 40 14 14 14 40 0.00652 1.015

Flowerdale ˆ

Distilled 0.000085 25 12.7 12.7 12.7 27 0.000342 1.02
0.000092 30 12.5 12.5 12.5 25 0.000351 1.019
0.000096 35 12.4 12.4 12.4 24 0.000355 1.018

0.0001 40 12.2 12.3 12.25 22.5 0.00036 1.017

Saline-1 0.0014 25 12.3 12.1 12.2 22 0.000491 1.011
0.00195 30 12 11.9 11.95 19.5 0.000518 1.009
0.0026 35 11.8 11.8 11.8 18 0.00059 1.007

0.00472 40 11.7 11.7 11.7 17 0.000648 1.006

Saline-2 0.002 25 11.8 11.7 11.75 17.5 0.00075 1.005
0.002915 30 11.7 11.7 11.7 17 0.00088 1.0045
0.003616 35 11.6 11.6 11.6 16 0.00097 1.0041
0.00496 40 11.5 11.4 11.45 14.5 0.0012 1.0038
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Table 2. Cont.

Sample Type Water Type σfw (S/m) T (◦C) V1 (mL) V2 (mL) Vavg (mL) FSI (%) σs (S/m) χ

Distilled

0.000085 25 32.5 32.3 32.4 224 0.00621 1.25
0.000092 30 29.5 29.4 29.45 194.5 0.0068 1.232

Craigieburn ˆ

0.000096 35 27.5 27.3 27.4 174 0.0075 1.211
0.0001 40 24.6 24.6 24.6 146 0.0082 1.2

Saline-1

0.0014 25 29.6 29.8 29.7 197 0.00813 1.15
0.00195 30 26.4 26.2 26.3 163 0.0132 1.138
0.0026 35 23.3 23.3 23.3 133 0.0183 1.19

0.00472 40 21.7 21.5 21.6 116 0.0228 1.09

Saline-2
0.002 25 26 26.2 26.1 161 0.013 1.06

0.002915 30 24.4 24.1 24.25 142.5 0.018 1.045
0.003616 35 21.8 21.5 21.65 116.5 0.0267 1.032
0.00496 40 19.7 19.4 19.55 95.5 0.0381 1.028

* Laboratory clays. ˆ Natural clay soils.

5.4. Significance of this Study

ERT is a geophysics method based on the electrical properties of clays; it is used to
determine the electrical resistivity distribution of a subsurface by assessing the obtained
data from the ground level. A proper understanding of the EC and DDL of clays concomi-
tantly with temperature, pore water salinity, and finally, finally, free swelling will provide
extended information on sub-setting a specific geographic location.

The concept of surface conduction parameters came into being during the develop-
ment of electrical resistivity/conductivity models for clays. A comprehensive literature
can be found in Hasan et al. [12], where the shortcomings in this field were thoroughly
discussed. Among the different EC models, series–parallel combined and either series or
parallel models were found to be popular. However, most of the concepts fundamentally re-
lied on deliberating clay or soil as an insulated material due to the absence of prior research
considering the surface conduction parameter and DDL. In fact, some models considered
air, which cannot be a realistic approach. Clay contains a DDL, which can be incorporated
into an EC model by forming an effective conductive solid. Therefore, the inclusion of
an effective conductive solid provides a more accurate approach in the series-parallel
model compared to the use of solid soil particles as direct insulators (Figures 1 and 2).
Hasan et al. [12,23] introduced σs and χ, providing physical definitions for fine-grained
and coarse-grained clays, respectively. This concept was later utilised and further investi-
gated in several well-written published works which focused on different applications of
clays [1,50–52]. The major limitations of previously published works by the authors [12,23]
were the absence of variable temperature; temperature affects not only the pore water
salinity but also the surface conduction activities, as well as the DDL and FSI of clays and
clay soils. Therefore, it was important to understand the effect of temperature and pore
water salinity on σs, χ, and FSI, with a view to observing the effects on the DDL thickness
of clays.

Finally, the tools and methodologies considered in this study were easier to collect,
operate, and reproduce. The present study also provided adequate information for the
purpose of adding more clays/soils into the database to observe other important changes
in the physico-chemical properties.

5.5. Variations in the Properties of the Tested Samples

As mentioned earlier, the present study considered six different types of clay and
clay soils. Among them, two clays were synthetics and the other four were collected
across different locations in Australia. The consideration of those six samples with diverse
properties was sufficient to prove the research hypotheses of this study due to the variability
in their properties. Most clays or soils found in nature have a liquid limit between 20%
and 100%. The four natural clay soils considered in this study had liquid limits between
29% to 97%, which covered the liquid limit at a lower range (flowerdale 29%), a mid-
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range (chromosol 58%, dermosol 59%), and a higher range (craigieburn 97%). In addition,
dermosol does not have strong texture and is mostly siliceous, whereas chromosol is
also siliceous but has a strong contrasting texture, i.e., the abrupt change in the texture
of soil between topsoil and subsoil. The percentage of fine contents was also different.
Therefore, diversity in this part was also ensured. In addition, two widely used laboratory
clays, i.e., kaolin and bentonite, were considered in the experiments. As Table 1 suggests,
bentonite has a liquid limit of 504%, which is beyond any typical liquid limit range of other
clays or soils.

While the typical FSI test for clays is straightforward, the test for bentonite can be
challenging due to its high sensitivity to salt concentration and temperature. The present
study considered a modified FSI approach where the water salinity was varied. In order
to have more confidence of the veracity of the experimental results, two identical samples
were prepared (V1, V2), and the average volume (Vavg) was considered as reported in
Table 2. The water salinity was prepared each time by fixing the amount of NaCl (g) as well
as the temperature. Despite the complexities involved in the time-sensitivity and precision,
the obtained data were still found to be sufficient to investigate the evolutions in EC surface
conduction parameters and to observe the decreasing trends in DDL thickness.

6. Conclusions

The present study investigated the effects of temperature and water salinity on two
EC parameters, namely, surface conduction (σs) and the size of DDL water per unit vol-
ume of clay or clay soil (χ), as well as on the free swelling index. A simple experimental
approach was conducted in this study to prepare the setup in order to measure these new
parameters mathematically. The effects of pore water salinity (σFW) and temperature (T) on
these parameters were also investigated experimentally. The results showed that surface
conductivity (σs) increased with increasing salinity, and that χ decreased concurrently due
to the reduction in the electrical surface potential, which is responsible for the development
of the DDL. However, as the temperature increased, the thickness of the DDL decreased
whereas σs increased due to the increase in pore water salinity, i.e., the electrical conductiv-
ity of free water. Six different clay materials were considered in this study to observe the
aforementioned changes.

A modified free swelling index (FSI) test was introduced, where experiments were con-
ducted at temperatures ranging from 25 ◦C to 40 ◦C with three different salt concentrations
in the water, rather than the conventional FSI test at room temperature with clays/clay
soils mixed with distilled water only. Clay materials with different geotechnical properties
were considered to establish more confidence in the approach, with liquid limits ranging
from 29% to 504% and electrical conductivity ranging from 0.000342 S/m to 0.0412 S/m.
The results obtained from the modified test showed that FSI decreased as the water salinity
and temperature increased. The agreement between the physical meaning of the surface
conduction parameters and the FSI experimental results provided confidence in the finding
of this study, i.e., that clay DDL can be influenced by external factors, particularly by
temperature. The reductions in χ and FSI concurrently as temperature and water salinity
increased provided compelling evidence that the DDL of clay decreases with an increase in
the temperature and electrical conductivity of the free water.
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